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ABSTRACT — 


This project was undertaken to study the biogenesis of ethylene 
in yeast and effects of ethylene on yeast metabolism. Haploid strains of 
Saccharomyces cerevisiae (X-2180-1B and G13332) were used. 

There was no net production of ethylene by the yeast growing 
in lactate medium. Glucose was found to induce synthesis of ethylene by 
the yeast. Cycloheximide inhibited glucose indgced ethylene production; 
therefore, induction by glucose may involve de noyo synthesis of proteins. 
Respiration deficient mutant yeasts growing in glucose medium produced 
large amounts of ethylene. This suggested that mitochondrial electron 
transport per se is not essential in the biosynthesis of ethylene. Oxygen 
was found to be stimulatory to the ethylene production by the yeast. 

Under anaerobic conditions the yeast produced some unidentified inter- 
mediate (or intermediates) which on admission of oxygen was rapidly con- 
verted to ethylene. 

Methionine also stimulated production of ethylene by the yeast, 
but for maximal rate of production, glucose also was found to be necessary. 
Tracer experiments showed that radioactivity from L-methionine-U-!"c was 
incorporated into ethylene. 

Ethylene production by the yeast was not affected by a change 
in pH between 4 and 6. Pyruvate inhibited the production of ethylene by 
the yeast. DL-Lactate, L-alanine and L-cysteine all convertible to pyru- 
vate by yeast, also inhibited ethylene production. Addition of glucose 
to the yeast growing in lactate medium decreased the intracellular levels 


of L-alanine and increased the ethylene production. 
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Ethylene production by the yeast was stimulated by D-methionine, 
N-formylmethionine and L-ethionine. 

Exogenously applied ethylene decreased uptake of glucose by the 
yeast. However, this inhibition by ethylene was preceded by an initial 
stimulation of glucose uptake by the yeast. Rates of respiration, ethanol 
production and P4ele production from glucose-3,4-!4c, and intracellular 
levels of glucose-6-phosphate corresponded to the rate of glucose uptake 
by the yeast. Ethylene also caused increased uptake and retention of K* 


by the yeast. 
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Effects of L-methionine, N-formylmethionine, L- 
methionylglycine and L-methionylmethionine on WZ 
ethylene production 
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IT. INTRODUCTION 


Although the importance of ethylene in plant biology is well 
recognized, its biogenesis and its mode of action are not clearly under- 
stood. Various compounds as possible precursors of ethylene have been 
suggested. L-Methionine is thought to be the most important precursor 
in plants, although the role of precursor of ethylene has been assigned 
to various other compounds. 

The pathway of conversion of methionine to ethylene is a subject 
of much controversy. Suggestions have been made that L-methionine is 
first transaminated to yield the a-keto analogue of methionine and this 
compound in turn is converted to ethylene by a free radical mechanism 
(108). There is evidence for and against this proposal. S-adenosyl 
methionine is also thought to be a possible intermediate in the conversion 
of methionine to ethylene (26). But there is no experimental evidence 
in support of this proposal. 

According to Burg (26), mitochondrial electron transport is an 
essential requirement for the biosynthesis of ethylene. He states that, 
“For methionine to be converted.to ethylene, energy supplied by mito- 
chondria appears to be required and electrons released from methionine 
have to be carried by a cofactor to the electron transport system." | 
There is no direct experimental evidence in support of this proposal. 

At least one step in the conversion of methionine to ethylene 
is thought to be oxygen-dependent. According to Baur et al. (15), meth- 
jionine is first converted to an unidentified intermediate, followed by 


an oxygen dependent reaction in which the intermediate is converted to 


ethylene. 
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The roles of oxygen and mitochondrial electron transport in 
the biosynthesis of ethylene can be studied under well defined conditions 
if yeast is used as a test organism. The ability of the yeast to grow 
under anaerobic conditions offers distinct adyantages over plants in the 
study of ethylene biogenesis. The use of respiration deficient yeasts 
(which have no functional mitochondria) could tel] whether mitochondrial 
electron transport is essential for ethylene biosysnthesis. 

It is difficult to study the role of glucose in the biosyn- 
thesis of ethylene in higher plants, since plant materials usually con- 
tain large amounts of the free sugar. Yeast, on the other hand, can be 
grown in non-glucose media, and the effect of glucose on ethylene pro- 
duction can be studied by addition of the sugar to the growth medium. 

It has been reported that ethylene does not have any effect on 
yeast physiology (2). This kind of report is perhaps not surprising 
Since yeast under normal growth conditions produces large amounts of 
ethylene, and therefore, stare applied ethylene may not show any 
apparent effect on yeast physiology. But if the synthesis of ethylene 
by the yeast could be controlled by manipulation of growth conditions, 
it might be possible to study the effect of ethylene on the physiology 


of yeast. 
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II. LITERATURE REVIEW 
A. BIOGENESIS OF ETHYLENE 
1. Ethylene Production by Cell-free Systems 

The elucidation of the mechanism of ethylene biogenesis has 
been complicated by the fact that ethylene is produced in significant 
quantities by non-enzymatic (not necessarily non-biological) means in 
‘many tissue extracts. Nevertheless, attempts have been made to isolate 
cell-free systems that are capable of producing ethylene from known 
precursors. Stinson and Spencer (169) reported the successful isolation 
of a soluble enzyme system that could convert g-alanine to ethylene. 
However, the ethylene production by the same enzyme preparation was 
stimulated to a greater extent by L-methionine than by B-alanine (171). 

Formation of ethylene from methional by cell-free extracts of 
cauliflower florets was demonstrated by Mapson and Wardale (113). 
Ethylene production from methionine and its a-hydroxy analogue by such 
a cell-free extract was low and for maximum Riedie an both particulate 
and non-particulate fractions of the tissue were required. 

Lynch (95) reported that the soil fungus Mucor hiemalis produced 
ethylene from methionine in the’presence of glucose; the filtered cell- 
free growth medium produced 60 times more ethylene than the unfiltered 
fungus-containing medium. Uninoculated medium did not produce any 
detectable amount of ethylene. 

In the light of these observations, it is doubtful whether cell 
integrity is an essential requirement for ethylene biosynthesis. However, 
most of the workers were not successful in obtaining a cell-free system 
which could convert methionine to ethylene (2, 26). The enzyme system 


described by Stinson (171) was non-specific as to the requirement of 
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substrates, and it could convert both B-alanine and L-methionine to 
ethylene. 

2. Subcellular Localization of Ethylene Production 

The site of ethylene production is as yet unknown. Subcellular 
organelles as possible sites of ethylene biosynthesis have received 
much attention. Thus ethylene production by chloroplasts (139) and 
mitochondria (118, 119, 120, 143, 164, 165, 170) has been reported. 
Since exposing mitochondria to 0° to 100° did not prevent ethylene 
production (165) it is possible that the precursors of ethylene are 
present in mitochondria and their conversion to ethylene under these 
conditions, is probably not enzymatic. Stinson and Spencer (170) 
observed that there was a relationship between the loss of mitochondrial 
integrity and the rate of ethylene production. 

Ku and Prat (80) could not get any significant amount of ethylene 
from active mitochondria suspended in a buffer containing 0.3 mM ATP 
and 0.25 M sucrose. They concluded from this study that active 
mitochondria do not produce any ethylene. However, the experimental 
conditions these authors used did not seem to favor éthylene production. 
For example, sucrose at high concentrations, is known to inhibit ethy- 
lene production (85). Also, suspension of an active preparation of 
mitochondria in a buffer containing 0.3 mM ATP, resulted in reduction 
of the rate of oxygen uptake to the basal level (the energized state), 
and it is reported that molecular oxygen plays an active role in the 
biogenesis of ethylene (29, 111). Thus the lack of ethylene production 
by active mitochondria observed by these authors (80) might result from 
the inhibitory effect of sucrose and excess of ATP present in the medium. 


It is interesting to note that 'aged' mitochondria which are not tightly 
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coupled and therefore cannot be influenced by the presence of an excess 
of ATP, produce large amounts of ethylene (38). 

3. Role of Oxygen in Ethylene Production 

Ethylene production is thought to be an aerobic process (28, 

111). Anaerobic conditions do not favor the production of ethylene. 
Thus, there is a great decrease in the amount of ethylene produced from 
L-methionine and its a-keto analogue by apple tissue in a nitrogen 
atmosphere (15). If anaerobically treated tissues are brought to aerobic 
conditions, there is an accelerated synthesis of ethylene, and it is 
suggested that under anaerobic conditions some precursor of ethylene 
accumulates, which on admission of oxygen is rapidly converted to ethy- 
lene (29). Baur et al. (15) have shown that at least one of the steps 
in the conversion of methionine to ethylene is oxygen dependent. Even 
though the stimulatory effect of oxygen on ethylene production is a 
recognized fact, it is still not clear whether there is an absolute 
requirement for oxygen. Studies involving microorganisms which can grow 
under anaerobic conditions might provide an answer regarding the role of 
oxygen in the ethylene biosynthesis. If molecular oxygen per se is 
required for ethylene biogenesis’ then there appears to be no recognition 
of this fact in the present proposed biochemical pathways. 

4. Precursors of Ethylene 

A number of substances have been proposed as possible precursors 

of ethylene in biological systmes. Among them are B-alanine (118, 169. 
177), linolenic acid (88), glucose (33, 34, 136, 158), acetate and 
other tricarboxylic acid cycle intermediates (58), ethanol (136), and 


methionine (3, 16, 28, 55, 57, 86, 88, 113). Excellent reviews of the 
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research work that led to the proposal of such an array of possible pre- 
cursors have been written (1, 2, 134, 163). Methionine has been inves- 
tigated extensively, and there is a large body of support for it being 
an important precursor. 

L-methionine-and several structurally related compounds have been 
implicated as possible substrates and intermediates of ethylene bio- 
synthesis. The ability to form ethylene from such compounds is depen- 
dent on the presence of the structure R-S-CH5-CHo-> where the R group 
is either CH. or CoH. but not H (Homocysteine is completely inactive). 
Removal of sulphur from the molecule as in homoserine (HO-CH,-CH,- 
CH(NH, )-COOH) or shortening the carbon chain as in S-methyl cysteine 
(CH4-S-CH,-CH(NH, )-COOH) or blocking the sulphur atom as in methionine 
sulphoxide or sulphone prevented the conversion to ethylene (108). 
Lieberman et al. (86) suggested that ethylene was derived from 3 and 4 
carbon atoms of methionine. When labelled methionine was supplied to 
apple, banana, or pea stem eeenicne! incorporation of label into ethylene 
was observed; only when carbons 3 and 4 labelled was the resulting ethy- 
lene labelled (28). Carbon atoms in 1 and 2 positions were liberated as 
carbon dioxide and sulphur and methy] carbon were retained in the tissue. 
In one experiment with methionine at a level of 2.4 x Dow M, at which 
concentration no great stimulation of ethylene production was observed, 


80% of the C.-C moiety of the methionine was converted by apple slices 


4 
to ethylene within one hour (108). 


Although it is fairly well established that methionine 7s an 


important precursor of ethylene in plants (2), the pathway of conversion 


of methionine to ethylene is not well understood. Several proposals 
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based mainly on model studies have been made (185). Since methional and 
2-keto-4-thiomethylbutyric acid (KMBA) yielded ethylene with considerable 
ease in model systems, these two compounds were thought to be possible 
intermediates in the conversion of methionine to ethylene. In fact, a 
cell-free enzyme system which can convert methional to ethylene has been 
isolated (113). The conversion of methional to ethylene required the 
presence of two enzyme systems, the first generating peroxide and the 
second catalyzing the conversion of methional to ethylene in the pre- 
sence of peroxide. The enzyme generating hydrogen peroxide appeared to 
be similar to fungal glucose oxidase, for like the latter, it was highly 
specific for its substrate D-glucose (112). A heat stable cofactor was 
also found to be necessary for the enzymatic cleavage of methional to 
ethylene, and this was identified as methanesulphinic acid (110). 
Suggestions have been made that the methional cleaving enzyme is a per- 
oxidase (106, 110). In spite of the overwhelming evidence that methional 


can yield ethylene under a variety of conditions in vitro, it is not yet 


proven whether this compound is a normal intermediate in the conversion 
of methionine to ethylene in vivo. The enzyme preparation reported by 
Stinson (171) could convert methional to ethylene and the conversion was 
found to be non-enzymatic in nature, since the heat denatured enzyme 
preparation was far more active in converting methional to ethylene than 
the unheated enzyme. 

It has been proposed that methionine is first transaminated, 
probably with phenylpyruvic acid as amino acceptor (79, 107). The 
resulting KMBA is converted to ethylene by a peroxidase enzyme in the 
presence of H,0, and certain phenolic compounds. Mapson et al. (109) 


observed that KMBA promoted ethylene production when added to cauliflower 
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tissue and was converted more efficiently into ethylene than methionine. 
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In addition, unlabelled methionine increased incorporation of 
into ethylene, while in the reverse experiment unlabelled KMBA decreased 
incorporation of eanethioninie into ethylene. 

A specific aminotransferase that catalyzes the transfer of 
amino groups from L-methionine to give KMBA has been isolated from 
germinating peanut seed and partially purified, by Durham et al. (49). 
These authors suggested that the KMBA thus formed could readily be con- 
verted to ethylene by a free radical mechanism. Pyruvate was the most 
effective acceptor of the amino group; pyridoxal-5-phosphate and reducing 
agents were required for maximum activity. 

It is not certain whether KMBA is a normal intermediate in the 
conversion of methionine to ethylene inside the cell. Lieberman and 
Kunishi (85) reported that the stimulation of ethylene production by 
cauliflower tissue in buffer solution containing KMBA, observed by 
Mapson et al. (109), did not result from the activation of natural in 
vivo system. The increased ethylene production was a result of an extra- 
cellular ethylene-forming system that leaked from cauliflower tissue and 
caused the degradation of KMBA. ‘This exogenous ethylene-forming system 
was similar to the ethylene-forming system described by Yang (186). 
Lieberman and Kunishi (85) concluded that KMBA was probably not an inter- 
mediate in the biosynthetic pathway between methionine and ethylene. 
Chemical and kinetic studied made by Baur et al. (15) and Yang and Baur 
(185) also supported the view that KMBA is not a possible intermediate 
of ethylene synthesis from methionine. These authors found that ethylene 
was produced from methionine at a faster rate than from KMBA. In the 


light of these lines of evidence, the involvement of KMBA or an amino 
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transferase that converts methionine to KMBA in the conversion of methio- 
nine to ethylene is doubtful. 

Burg and Clagett (28) and Burg and Burg (30) suggested S-adeno- 
sylmethionine as a possible intermediate in the biosynthetic pathway between 
methionine and ethylene. They based their argument mainly on the obser- 
vation that S-adenosylmethionine was formed in good yield when Ge 
methionine was applied to apple slices. Also, this compound has a ten- 
dency to split-off its S-methyl group and be converted to ethylene by 
the Cu’ -ascorbate model system. If such a system exists in living tissue 
One should expect a close relationship between the ethylene production 
and the activity of methionine adenosyl transferase enzyme. No such 
information is forthcoming. 

An interesting observation which did not receive much attention 
from research workers engaged in the study of ethylene in plant biology 
was made by Demorest and Stahman (46). These workers found that peptides 
containing methionine at the C-terminal position were far more active in 
a model system in producing ethylene than free methionine. Peptides 
that contained an N-terminal (L-met-gly-gly) or internal (gly-L-met-gly) 
residue of methionine produced little or no detectable ethylene. In 
addition, N-acylated derivatives of methionine like N-formy]-DL-methionine 
and N-acetyl-DL-methionine were equally, and much more active, respectively, 
in producing ethylene, than peptides with a C-terminal methionine deriva- 
tive. These results suggested that proteolysis in the plant could increase 
ethylene production by producing peptides with a C-terminal methionine 
residue. This possibility was confirmed by the finding that limited 


proteolysis of crystallized egg albumin resulted in a significant ethylene 


production by the model system. 
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The acylated derivatives of methionine as possible intermediates 
of a biosynthetic pathway between methionine and ethylene have not received 
serious attention from research workers in this field. It is known that 
acylase activity towards N-acetyl-DL-methionine is high in various plants 
compared with acylase activity towards other N-acetylated and N-aclylated 
amino acids (39). Keglevic et al. (73) have found that N-malonyl methionine 
and not 2-keto-4-thiomethylbutyrate is the major acidic metabolite of 
D-methionine in intact tobacco plants. Thus N-acylated derivatives of 
methionine are involved in the metabolism of methionine in some plants 
and may be precursors of ethylene. 

There is only one report where N-acetyImethionine was tried as 
a precursor for ethylene production in vivo (26). It was found that 
N-acetyImethionine in the concentration range of 10 to 100 mM profoundly 
inhibited ethylene synthesis in apples. Details of that experiment are 
not available, and it may be too hasty to conclude that acylated derivatives 
of methionine are not possible precursors of ethylene. In this respect 
it may be of interest to note that even methionine (externally added) is 
inhibitory to ethylene production in certain systems (43, 48, 82). 

However, if methionine synthesis is blocked by the addition of lysine 
and threonine, the ethylene production is considerably reduced (48). 
5. Effect of Auxin on Ethylene Production 

The synthesis of ethylene in plants is controlled by various 
physiological conditions. Not all parts of a plant are found to produce 
the same amount of ethylene. Young leaves of vegetative plants, for 
example, produce more than old (130). In fruits, however, the situation 
is reversed. Immature fruits produce less ethylene than ripening fruits. 


Analysis of gas samples withdrawn from the central cavity of melons has 
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shown an internal ethylene concentration of 0.04 ppm at ten days after 
pollination. It rises to 10-70 ppm just prior to the climacteric — an 
increase of 1000 fold (98). Flowers also produce measurable quantities 
of ethylene (135). | 

There appears to be a close relationship between ethylene pro- 
duction in a tissue and its auxin content. Zimmerman and Wilcoxon (187) 
first discovered that auxin increased ethylene production. Kinetin has 
been found to increase this auxin effect greatly (55). Burg and Clagett 
(28) reported no conversion of methionine to ethylene unless the pea 
stem tissue sections were first treated with indoleacetic acid (IAA). 
It was suggested that auxin might stimulate an enzyme system involved in 
ethylene synthesis (4). Kang et al. (68) and Sakai and Imaseki (154) 
proposed that auxin induced production of a short-lived RNA that was 
involved in snythesizing an extremely labile protein controlling the 
rate of ethylene production. Such a system required an induction period. 
This auxin-stimulated ethylene production could be inhibited by cyclo- 
heximide (83, 168). However, there are reports that ethylene production 
is stimulated immediately after the application of auxin in pea stems 
(36) and in mung bean stem tissue (154). Steen and Chadwick (168) found 
that at low concentrations of IAA (1 uM) the stimulation of ethylene 
production did not involve any protein synthesis and therefore cyclo- 
heximide did not have an effect at this concentration of IAA. At high 
concentrations of IAA (100 uM) an induction period preceded the stimulatory 
action and was inhibited by cycloheximide. The authors suggested that 
there are two systems producing ethylene — a stable basal system insensi- 
tive to IAA and cycloheximide and a labile, auxin-induced system that 


normally accounts for about one-half the ethylene production. The latter 
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responded immediately to low concentrations of applied IAA, ethylene 
production increasing several fold in rate without a significant lag 
period. At higher IAA concentrations the ethylene production was induced 
after a considerable lag. Thus the ineffectiveness observed by Burg (26) 
of cycloheximide in prevention of ethylene production in apple tissue 
might be because of low concentrations of auxin in the fruit. 

The mechanism by which auxin stimulates ethylene production js 
not clearly understood. The situation is further complicated by our lack 
of understanding of the pathways of ethylene biogenesis. Recently Kang 
et al. (69) observed that ethylene production by pea stems after the 
application of IAA closely followed the levels of free unconjugated IAA 
in tissue. This is based on the observation that with a synthetic auxin 
like 2,4-D, which is not subject to detoxification by forming conjugated 
compounds (mainly the aspartate conjugate), the production of ethylene 
remains high. 

It has been shown that the oxygen uptake caused by oxidative 


-10 


phosphorylation can be nearly doubled by the application of 1 x 10 M 


IAA to the mitochondria isolated from cotyledons of corn (155). In this 
respect it is interesting to note that indoleacetic acid, which is known 
to stimulate ethylene synthesis (28, 55) binds to tRNA (18, 72, 75). 


One of the species of tRNA to which IAA binds jis ernamet 


, others being 
tRNAS TY, tna?) tpwa®!@ and trwaS!4 (81). There is no indication that 
IAA binds to eRNat met, Armstrong (9) has suggested that auxin in higher 
plant cells might supplement or replace N-formylmethionine as a signal for 
peptide chain initiation. N-formylmethionine has been shown in model 


systems to be a better substrate for ethylene production than methionine 


itself. The stimulatory effect of auxin on ethylene biosynthesis, therefore, 
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may partly be a result of its taking over the role of formylmethionine 
in protein chain initiation and making the latter (probably in the form 
of f-met-tRNA) available as a substrate for ethylene production. 

6. Inhibitors of Ethylene Biosynthesis 

A number_of workers (35, 70, 158) have shown that oxidative 
metabolism is required for ethylene formation, and blocking ATP formation 
by 2,4-dinitrophenol or other compounds results in the inhibition of 
ethylene production. Copper binding agents such as cuprizone (biscyclo- 
nexanoneoxalyldihydrazone) and bathocuproine sulphonic acid (2,9 dimethyl- 
4,7-dipheny] phenanthroline 1,10-disulphonic acid) inhibited ethylene 
production strongly at a concentration of 107" M (112). Inhibitors of 
the terminal oxidase of the mitochondrial electron transport chain, like 
cyanide and azide, also seem to decrease ethylene production (112, 113, 
158). However, Burg and Thimman (36) found that cyanide did not inhibit 
ethylene production in apple tissue. Other inhibitors of cell metabolism 
like fluoride, arsenite, iodoacetate and malonate were also found to be 
inhibitory to ethylene production (35, 158). Aldehyde trapping agents 
like dimedone (5,5-dimethy] 1,3-cyclohexanedione) were reported to inhibit 
ethylene production completely in fungi without affecting growth (2). 
Another aldehyde fixing agent, sodium bisulphite, was found to have a 
similar effect on ethylene production by apple tissue (35). 

Owens et al. (132) reported that a phytotoxin produced by certain 
strains of soyabean root nodule bacterium Rhizobium japonicum inhibited 
ethylene biosynthesis in sorghum seedlings and in senescent apple tissue 
by blocking the conversion of methionine to ethylene. This toxin was 
named rhizobitoxine and its chemical structure has been elucidated: 


[2-amino-4-(2'-amino-3' -hydroxypropoxy)-trans-3-butenoic acid] Gop Lt 
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is known that rhizobitoxine inhibits the growth of Salmonella typhimurium 
by inhibiting g-cystathionase, an enzyme in the methionine biosynthetic 
pathway (133). Similar inhibitory effects of rhizobitoxine on spinach 
and corn seedling g-cystathionase has been reported (59, 60) and the 
mechanism of inactivation of the enzyme, it is suggested, involves formation 
of a bond between rhizobitoxine and pyridoxal phosphate. Owens et al. 
(132) proposed that inhibition of ethylene production frommethionine was 
by a similar mechanims probably involving pyridoxal phosphate as in the 
case of g-cystathionase. There is evidence for the existence of a pyri- 
doxal dependent enzyme in the conversion of methionine to ethylene. “Thus” 
L-canaline, which is known to be an inhibitor of pyridoxal enzymes (142) 
also inhibits ethylene production from labelled methionine in apple 
tissue (184). 

These observations led to further investigations into the nature 
of the inhibition of ethylene biosynthesis and other structurally related 
inhibitors. Thus, L-2-amino-4-(2'-aminoethoxy)-trans-3-butenoic acid were 
found to equally inhibit ethylene production in fruit and other plant 
tissues (84). These alkyl substituted enol ether amino acids were 
believed to produce their effect” by antagonizing the utilization of 
methionine in the pathway for ethylene biosynthesis. However, inhibitors 
of methionine adenosy] idns hase reaction (ATP:L-methionine S-adenosy] 
transferase (EC 2°4°2°13)), like DL-2-amino-trans-4-hexensic acid and 
L-2-amino-4-hexynoic acid, were without effect on ethylene biosynthesis. 
This observation indirectly suggests that S-adenosy]l methionine is probably 


not an intermediate in the ethylene biosynthetic pathway as was originally 


proposed (28, 30). 
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8. Regulation of Ethylene Biosynthesis 


While the use of inhibitors may provide a powerful tool in the 
elucidation of Eneaneebanden of ethylene biosynthesis, it does not tell 
us anything about the mode of regulation of ethylene production in 
plants. Are there natural inhibitors the effect of which can vary with 
changing physiological conditions, present in tissues? It is known that 
certain monohydroxy and dihydroxy phenols are inhibitory to ethylene 
production (10). Mapson and Wardale (112) reported that caffeic acid 
and ferulic acid were powerful inhibitors of ethylene production in 
cauliflower extracts, while cinnamic acid, p-coumaric acid and phenol had 
little or no effect. It is known that wounding a tissue increases the 
phenol oxidase activity, and at the same time increases ethylene pro- 
duction (140). Is the increased ethylene production an effect of the 
removal of the inhibitory effect phenolic compounds on ethylene production? 
No information correlating these two aspects is available. Also it is 
difficult to explain the increased ethylene production associated with 
different kinds of mechanical and chemical stress other than wounding, 
in terms of this model. 

The existence of specific regulators or inhibitors of ethylene 
biogenesis is also suggested by the observation of Meigh et al. (116) 
that ethylene production is partially inhibited in apples attached to 
the tree. The nature and the mode of action of such regu/ators are not 
known. 

It has been known for some time that ethylene is an essential 
factor for fruit ripening (32). Controlled atmosphere (high C0,» low 0,) 
storage of fruits delays their ripening (32, 147) and this is thought to 


be a result of the antagonistic effect of carbon dioxide on the physio- 
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logical effects of ethylene (2). Attempts have been made to explain this 
effect by the competitive action of carbon dioxide at the "ethylene 
receptor site" possibly involving a metal ion (30, 32). But controlled 
atmosphere storage conditions also decrease the amount of ethylene pro- 
duced by fruits (122). Meigh (115) has shown that a high carbon dioxide 
concentration retards ethylene production by stored apples. A similar 
phenomenon was observed in avacado, banana and mango (32). Thus, while 
the “competetive action theory" might explain the inhibitory action of 
C0, on ethylene effects, it does not tell us anything about the mechanism 
by which C0, inhibits ethylene production under controlled atmosphere 
storage. Any theory explaining the inhibitory effect of carbon dioxide 
on fruit ripening should take into account its effect on both ethylene 
action and production. 

The ripening process results in a decrease in the organic acid 
contents, especially that of malic acid, of fruits (20, 122, 147, 182). 
This decrease of organic acids was much smaller under controlled atmos- 
phere storage conditions. Do organic acids have an inhibitory effect 
on ethylene production? And does carbon dioxide help to maintain the 
organic acid concentration of fruits at a high level? Studies made by 
Rhodes et al. (147) and Murata and Minamide (122) suggest that the malic 
acid content of apples stored under controlled atmosphere storage con- 
ditions does not decrease to any great extent. Carbon dioxide is fixed 
under these storage conditions by apples, and most of the label of ec 
appears in malic acid (122). This carbon dioxide fixation could be 


catalyzed by malic enzyme and/or phosphoenol pyruvate (PEP) carboxylase. 


Reactions catalyzed by these enzymes are given below:. 
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malic enzyme [L-malate:NADP oxidoreductase (EC 1°1°1°40)] 


e+ 
Pyruvate + CO, + NADPH + HY —W2 L-malate + NADP 
— 
PEP-carboxylase (EC 4°1°1°31) 
Mg2* 
PEP + CO, + H50 ———» oxaloacetate + Pi 


Rhodes et al. (147) have shown that during ripening of apples 
the malate decarboxylation system is stimulated and externally added 
ethylene hastens this stimulation. The authors suggested that malic 
enzyme, pyruvate decarboxylase and alcohol dehydrogenase act in concerted 
manner in the decarboxylation of malate. Apart from the probable removal 
of the inhibitory effect on ethylene synthesis, decarboxylation of malate 
seems to be extremely important from a bioxynthetic standpoint. The 
reaction catalyzed by malic enzyme provides NADPH needed for many bio- 
synthetic reactions and cannot be obtained in adequate amounts from the 
pentose phosphate pathway, since the activity of this pathway iS reduced 
in ripening fruits (63) and in the presence of externally added ethylene 
(154). 

The reaction catalyzed by malic enzyme ores ty reversible 
and is one of the reactions that plants utilize in the dark fixation of 
C0... 


atmosphere storage conditions, and also under these conditions ethylene 


Fixation of CO, into malate does occur in apples under controlled 


production from labelled methionine is decreased (122). Whether malate 
exerts an inhibitory effect on ethylene production is not yet answered 
directly. | 

It is interesting to note that to offset the physiological 
effects of ethylene, the concentrations of C0, required is a million times 


that of the olefin. This high ratio of C0, to ethylene does not fit very 
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well into a model where CO, binds to the ethylene receptor site, and thus 
removes its physiological effects. On the other hand, if the role of the 
CO, is to shift the equilibrium of the reaction catalyzed by malic enzyme 
towards the synthesis of malate, which in turn exerts an inhibitory effect 
on ethylene production, one can easily visualize the requirement for a 
fairly high concentration of carbon dioxide. 

9. Ethylene Production by Microorganisms 

it is fairly well established that ethylene is a normal metabolite 
of several fungi (65, 66). The high rate of ethylene production and the 
ease of introducing proposed intermediates offered distinct advantages to 
investigators working with fungi. Thus ethylene production by Penicillium 
has been studied intensively. In spite of considerable effort by a large 
number of workers, the biochemistry of ethylene formation in this organism 
remains unknown. Various precursors of ethylene in this organism have 
been proposed. Among them are glucose (137), alanine (136), glycine (179), 
aspartic acid (136), glutamic acid (136), methionine (68), serine (167), 
propionate (68), ethanol (136), acetate (68), citrate (71), fumarate (68), 
malate (136), pyruvate (58), and succinate (68). Most of these workers 
used an excessively long incubation period in their feeding experiments. 
For example, Jacobsen and Wang (68) collected ethylene for 24 hours after 
the addition of various Jabelled carbon compounds, and this long duration 
of time allowed the label to distribute in various compounds. 

Even though methionine is fairly well accepted as a precursor 
of ethylene in higher plants, doubts have been expressed whether this com- 
pound serves as a source of ethylene in Penicillium and it was suggested 
that the ethylene carbon skeleton was derived from internal carbon atoms 


of dicarboxylic acids of the Krebs cycle (68). Kerting et al (71) showed 
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that ethylene was produced from isocitrate, but kinetic studies made by 
Chou and Yang (40) showed that the rate of incorporation of radioactivity 


into ethylene from 4 


C labeled 2-oxoglutarate and L-glutamate was faster 
than that from labeled isocitrate. On this basis these authors concluded 
that L-glutamate was a more immediate precursor of ethylene than isocitrate. 

Methionine does not seem to be a precursor of ethylene in 
Penicillium. This observation was further supported by the finding that 
rhizobitoxine, which normally inhibited conversion of methionine to ethy- 
lene was without any effect on ethylene production in this organism (132). 

It has been shown that some other microorganisms do utilize 
methionine as a precursor of ethylene. Thus Lund and Mapson (92) found 
that the bacterium Erwina carotovora converted methionine to ethylene. 
Ceratocystis fimbriata, an organism that infests sweet potato, also is 
known to produce ethylene from methionine (70). 

Lynch (96) isolated a number of soil microorganisms that were 
capable of producing ethylene from methionine. Two of the isolates that 
produced maximum amounts of ethylene were yeasts. Lynch and Harper (93) 
reported that the soil fungus Mucor hiemalis produced ethylene from meth- 
jonine, but glucose was also required for maximal ethylene production. 

In addition, they found that DL-ethionine also could serve as substrate 
for ethylene formation, but other compounds like 8-alanine, glucose, 
acetate, citrate, pyruvate, ethanol, noreucine, lysine and serine did 


not have any stimulatory effect on ethylene production. 


B. PHYSIOLOGICAL AND BIOCHEMICAL EFFECTS OF ETHYLENE 
1. Auxin and Physiological Effects of Ethylene 


Auxin is known to regulate the synthesis of many kinds of enzymes, 


e.g. cellulase (101), hemicellulase and 8-1,3 glucanase (176) and peroxi- 
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dase (56). The syntheses of these enzymes, among others, are also affected 
by ethylene (7, 144, 148). Thus some of the normally observed effects of 
auxin may actually be attributable to ethylene. 

It appears that the physiological effects of ethylene are lowest 
when the auxin content of the tissue is the highest. Young leaves are not 
as susceptible to ethylene as old ones, even though the former contain 
relatively larger concentrations of auxin and produce greater amounts of 
ethylene than the latter (130). Frankel and Dyck (52) observed that indo- 
lacetic acid and 2,4-D prevented the climacteric rise in respiration, 
softening and degreening of Bartlett pears, even though ethylene pro- 
duction was stimulated. They proposed that endogenous auxin in fruit 
represented a resistance factor in ripening and must be inactivated before 
ripening could occur. 

All physiological effects of ethylene are not suppressed in the 
presence of auxin. Thus auxin-induced ethylene production plays a role 
in leaf abscission (5), inhibition of flowering in xanthium (6), inhibition 
of bud growth, fading of orchid flowers (27), and isocoumarin formation 
in carrots (37). Aliso Apelbaum and Burg (12) have shown that application 
of 0.1 mM 2,4-D reverses the growth inhibition caused by ethylene, but 
stimulates formation of sufficient amounts of ethylene to induce a swelling 
response. 

The major cause of the overall growth inhibition in the presence 
of ethylene is the cessation or retardation of the mitotic process in the 
meristems of root, shoot and auxiliary buds (12, 13). Ethylene is known 


to inhibit DNA systhesis by decreasing the activity of DNA polymerase (11). 
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However, Klyne (74) has shown that DNA levels of tulip bulbs treated 
with ethylene increases after a 2-day exposure period. On prolonged 
exposure, the DNA content, however, decreases. 
2. Effect of Ethylene on Respiration 

Exogenous-ethylene causes a rise in respiration when applied 
to climacteric or non-climacteric fruits (21, 47) and vegetative tissues 
(46, 154). The ethylene-induced increase in respiration of non- 
climacteric fruits and vegetative tissues return to the basal level on 
removal of the applied ethylene (47, 146). This stimulation of respira- 
tion can be repeated in the same fruits several times (21, 146). Recently 
it has been shown that propylene causes a rise in respiration rate in 
non-climacteric fruits with no change in ethylene production (100). 
Exogenous ethylene or propylene treatment does not stimulate ethylene 
production in rin tomato mutant, but does stimulate C0, production (64). 
The CO, production persists only in the presence of exogenous olefins. 

Exogenously applied ethylene stimulates respiration and ripening 
in mature, unripe climateric fruits (21). Once stimulated by exogenous 
ethylene or by their own ethylene, climacteric fruits produce ethylene 
"autocatalytically'. Propylene treatment of these fruits stimulates both 


ethylene production and respiration (100). 


a. Mechanism of stimulation of respiration by ethylene 


Crane (42) has suggested that the increased respiration rate 
could result from increased mitochondrial permeability and enzyme activity 
caused by swelling of the mitochondria. Lyons and Pratt (97) and Olson 
and Spencer (128, 129) found that ethylene increased the rate of sponta- 


neous swelling of mitochondria isolated from different sources. It has 
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been suggested that the swelling of mitochondria results from an increased 
adenosine triphosphatase (ATPase) activity, and the increased availability 
of ADP and Pi increases the respiration (129). Phillips (138) showed that 
treating pea mitochondria with ethylene stimulated ATPase activity, even 
though purified ATPase did not respond to ethylene. 

Swelling of mitochondria and increasing respiration are not 
effects specific to ethylene. It has been shown that other hydrocarbons 
like propene, butene, ethane, propane (78, 117) and acetylene (117) could 
also bring about mitochondrial swelling and an increase in the rate of 
respiration. 

It is well known that plant tissues produce abundant ethylene 
when damaged (140). Subsequently, the respiration of the tissue increases. 
It has been shown that potato slices, ite many other injured plant 
tissues, produce significantly increased amounts of ethylene for 12 hours 
after cutting and respiration continues to increase even after that (99). 
Reid and Pratt (146) postulated that the increase in respiration might 
be induced by endogenous ethylene. 

The induced respiration has some Betarive differences from 
that of fresh tissue. It seems clear now that one of the changes is an 
increased participation of a cyanide resistant respiratory pathway (62); 
Cyanide at low concentrations can evoke the same kinds of response in 
fruits (22) and in potato tubers (160) as ethylene. Solomos and Laties 
(161) proposed that ethylene diverts the normal flow of electrons to the 
cyanide resistant respiratory chain, This pathway has only one phosphory- 
lation site (17), and to produce an equal amount of ATP as in normal 
respiratory chain, three times more electrons have to pass through this 


branched pathway. Thus increased flow of electrons (increased respiration) 
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in the presence of ethylene actually compensates for a fewer number of 
phosphorylation sites. 

3. Effects of Ethylene on Membrane Permeability 

The possibility that ethylene regulates physiological phenomena 
by virtue of some effect on the permeability of membranes has been tested 
by several workers. Sacher and Salminen (152) have shown fates 
does not have any effect on membrane permeability of avocado, banana, 
bean and rhoeo. Abeles (2) concludes that changes in the characteristics 
of membranes are a result of ripening rather than a cause. Nevertheless, 
the idea that ethylene could affect the membrane permeability has not 
been abandoned. Solomos and Laties (162) suggested that ethylene could 
act as membrane "perturber" and the subtle permeability changes thus 
brought about might have profound physiological effects. 

Irvine and Osborne (67) reported that the incorporation of 
1-4¢-giycerol into phospholipids of etiolated pea stems was decreased 
by 50% after 2-3 hours treatment with 10 ppm ethylene. The rate of 
incorporation remained at this value as long as ethylene was applied. 
The authors claimed that the results described in this experiment were 
the most rapid biochemical effects of ethylene in plants reported so far. 
The 50% decrease in 1-!4¢-glycerol incorporation into phospholipids after 
2-3 hours of application of ethylene and a similar response induced by 
endogenous wound ethylene implicates membranes and their metabolism as 
central to the mediation of ethylene response. 

4. Interaction of Carbon Dioxide and Ethylene 

Carbon dioxide has long been recognized as haying an effect 

opposite to ethylene. Ethylene accelerates, and carbon dioxide delays 


leaf abscission and fruit ripening. The effective concentration of 
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ethylene that is required to cause a physiological change is dependent 
on the concentration of C0. Thus when ethylene concentration is less 
than 1 ppm its effectiveness in affecting pea straight growth in con- 
siderably diminished with increasing concentration of C0. (31)¢ 

Certain physiological changes are brought about only if both 
CO, and ethylene are present. The thermodormancy of germinating lettuce 
seeds can be overcome by treating the seeds with a mixture of CO, and 
ethylene (127). Either gas alone is ineffective. Also inhibition of 
germination of lettuce seeds caused by 0.2 M NaCl or 0.35 M mannitol can 
be overcome by a mixture of ethylene and CO, C159)c0" Kuvetea 1°X(77,) 
found that the growth rate of rice coleoptiles was increased by low con- 
centrations of ethylene and this response was enhanced by C0... Ethylene 
and carbon dioxide also have been shown to have a synergistic effect in 
terminating dormancy of potato tubers (145). 

Malhotra and Spencer (105) have shown that a mixture of ethylene 
and carbon dioxide stimulated the activity of (Na* + K*) stimulated 
adenosine triphosphatase, isolated from pea cotyledon mitochondria. 
Ethylene alone was ineffective and carbon dioxide alone inhibited the 
hydrolysis of ATP catalyzed by this enzyme. With increasing purification 
of the enzyme the effectiveness of gas mixtures in stimulating the enzyme 
decreased and this was thought to be a result of the removal of phospho- 
lipids (membrane) during the purification. This work has shown a direct 
action of ethylene on an enzyme [mitochondrial (Na* + K) - stimulated 
ATPase], its dependence on the presence of certain levels of C0. and the 


augmentation of the ethylene-C0., effects by the presence of phospholipids. 
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by. Effects of Ethylene on Yeast 


Even though yeast is known to produce ethylene (65), no serious 
attention has been paid to study the effects of ethylene on yeast metabo- 
lism. Abeles in his review (2) states that ethylene has no effect on 
yeast physiology. 

Nord and Franke (126) reported that ethylene protected zymase 
solutions stored at -10° and the gas treated solutions maintained their 
full activity for 65 days. Recently, Fuchs and Gertman (53, 54) demon- 
Strated that incubating yeast alcohol dehydrogenase in an ethylene 
atmosphere stabilizes the enzyme activity. The stabilizing effect of 
acetylene and ethane was similar to that of ethylene, but the latter was 
quantitatively a more potent agent. 

Yeast cells treated with ethylene, fermented glucose at a faster 
initial rate than untreated cells (126), and it was suggested that ethylene 
increased the membrane permeability. Nord and Weichherz (125) reported 
that both acetylene and ethylene increased the permeability of yeast cells, 
the former being far more effective. Treatment of yeast maceration juice 
with acetylene or ethylene resulted in an increased surface tension and 
decreased viscosity. The Behr concluded that this phenomenon represented 
a physical adsorption of ethylene on the lipophilic colloidal particles 
and that ethylene exerted an inhibitory, as well as protective, action 
on enzymes. A similar observation was made by the same authors with 
germinating barley (124). 

Shaw (156) observed that treating yeast with ethylene increased 
the rate of inversion of sucrose, and also resulted in an increase in the 


amount of invertase per unit weight of cells. He was unable to demonstrate 
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any. increase in the permeability of cells. He concluded from this work 
that the mechanism of the action of ethylene was not mediated through 
increased permeability, but by alteration of the cell metabolism so as 


to bring an increased production of enzymes. 
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III. MATERIALS AND METHODS 


A. MATERIALS 
1. Chemicals 
Routine chemicals of reagent grade (meeting A.C.S. Specifications) 
were purchased from Fisher Scientific Co., Canadian Laboratory Supplies, 
and Eastman-Kodak Co. Common biochemicals were obtained either from 
P.L. Biochemicals or Sigma Chemical Co. Glucose-3,4-!"c, L-methionine- 
U-!*c, 3-0-methyl glucose-U-!*¢ and Aquasol were supplied by New England 
Nuclear Corp. L-methionine, D-methionine, N-formylmethionine, L-ethionine, 
L-alanine, B-alanine, L-cysteine, methional, potassium pyruvate, 3-0-methyl 
glucose and all enzymes used in this study were obtained from Sigma 
Chemical Co. Ethylene and ethane were purchased from Linde. 
2. Yeasts 
Two haploid strains of Saccharomyces cerevisiae were used in 
this study. The Strain X-2180-1B is a wild type while the other (G1332) 
is a mutant that requires both adenine and methionine for growth. Both 
of these strains were supplied by Dr. VonBorstel of the Genetics 


Department of the University of Alberta. Respiration deficient mutants 


were isolated from the wild strain X-2180-1B. 


B. METHODS 
1. Maintenance of the Yeasts 
The yeasts were maintained at 0-4° by subculturing every 3 
months on glucose-yeast extract agar of the following composition: 
glucose 2.0%, yeast extract (Difco) 0.5%, (NH, ) HPO, 0.6%, MgS0,7H.0 
0.2% and agar 2.0%. The pH of the medium was adjusted to 5.0. The 
yeasts were grown on slants for 48 hours at 27° before transferring them 
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to refrigerator (0-4°). 


Ze Cultivation of Yeasts for the Study of Ethylene Biosynthesis 


and the Biochemical Effects of Ethylene 
The wild strain Saccharomyces cerevisiae (X-2180-1B) was used 


in most of the studies. It was grown at 27° in lactate or glucose medium 
with continuous shaking. The composition of the media are given below. 


a. Lactate medium 


Lactic acid (85%) 16.0 g 
(NHq) HPO, 6.0 g 
MgSO, °7H,0 2.0g 
Yeast extract (Difco) x0 ng 
Distilled water to 1000 m1 


The pH of the medium was adjusted to 5.0 with potassium hybroxide. 


b. Glucose medium 


D-glucose 20.0 g 
K HPO, 310 4q 
(NHq) HPO, b20%g 
MgSO, °7H,0 2.0g 
Yeast extract (Difco) 5.0g 
Distilled water to 1000 ml 


The pH of the medium was adjusted to 5.0 with ortho-phosphoric acid. 


The adenine- and methionine-requiring mutant yeast (Saccharomyces 
cerevisiae G1332) was grown in a liquid medium of the following composition: — 
D-glucose 20.0 g 

Yeast nitrogen base without 


amino acids (Difco) 6.89 
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L-methionine 029g 
Adenine | OeZ2a0 
Distilled water to | 1000 m1 


The pH was adjusted to 5.0 with phosphoric acid. 
3. Isolation of Respiration Deficient Mutants 
The wild yeast (Saccharomyces cerevisiae X-2180-1B) was plated 
on a medium that contained 3% glycerol, 0.1% glucose, 0.6% (NH, ) HPO, » 
0.2% MgSO, » 0.1% yeast extract and 2% agar. The plates were incubated 
at 27° for 72 hours. The petite colonies formed were transferred to a 
growth medium that contained 2% glucose. Only those colonies that grew 
in glucose medium, but failed to grow in lactate medium were considered 
as respiration deficient. They were further tested for respiratory 
activity (described in a separate section), and only those isolates that 
did not have measurable respiratory activity were used for further study. 
4. Starvation of the Yeast 
Saccharomyces cerevisiae (X-2180-1B) was grown in lactate medium 
at 24-26° for hours. The cells were harvested by centrifugation, washed 
twice with distilled water, and suspended in 0.1 M potassium phosphate 
buffer (pH 5.0). Air or 100 ppm ethylene in air was bubbled through the 
suspension at the rate of 100 ml per minute for different lengths of time. 
5. Anaerobic Cultivation of Yeast 
Saccharomyces cerevisiae (X-2180-1B) was grown at 27° in the 
glucose medium, which in addition to the ingredients mentioned previously, 
contained 0.01% ergosterol and 0.01% Tween-80. Anoxic conditions were 
maintained by bubbling sterile nitrogen (sterilized by filtering through 


sterile cotton) through the gorwth medium at the rate of 100 ml per min. 
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6. Cultivation of Yeast in the Presence of Applied Ethylene 
‘Saccharomyces cerevisiae (X-2180-1B) was grown in lactate or 


glucose medium at 27° on a reciprocal shaker (60 strokes per min). 
Filtered air or 100 ppm ethylene in air was bubbled through the culture 
continuously at the rate of 100 ml per minute. The gases were filtered 
by passing through sterile cotton before admitting them into the culture. 

7. Collection of Ethylene 

The method used was essentially the same as described by 

Ghooprasert (57). A continuous stream of compressed air or helium was 
freed of ethylene and ethane by passing it through mercuric perchlorate 
adsorbed on silica gel (80-200 mesh) in a U-tube that was placed in an 
ice bath, followed by two silica gel-containing U-tubes placed in dry 
ice-acetone baths. This "purified sweeping gas" flowed through flow meters 
into reaction flasks that contained suitable volumes of material under 
study. The flow rate (30 ml per minute) of the sweeping gas was accurately 
regulated by means of needle valves. The temperature of the reaction 
flasks was maintained at 25° in a shaker-water bath. The gas flowing out 
of the reaction vessel carried ethylene and other volatiles evolved by 
the test material. The gas was passed through a U-tube containing Drierite 
to remove moisture, a U-tube containing Lithosorb to remove C0, and an 
empty U-tube dipped in a dry ice-acetone bath to condense a number of 
other volatiles (but not ethylene). Ethylene coming out of this series 
of tubes was quantitatively adsorbed on 1.0 g of silica gel contained in 
a U-tube placed in a dry ice-acetone bath. (NOTE: Prior to use all 
U-tubes containing silica gel were heated in a boiling water bath with a 
stream of helium flowing through the tube. This process removed any trace 


of ethylene adhering to the silica gel.) After the collection, the U-tubes 
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were sealed by short pieces of white rubber tubing and kept in a dry ice- 
acetone bath until ethylene was determined. Determination of ethylene 
was usually completed within one hour of collection. 
8. Determination of Ethylene by Gas Chromatography 

Ethylene adsorbed on silica gel in U-tubes was determined by a 
gas chromatograph with a flame ionization detector. For this purpose the 
U-tube (still in the dry ice-acetone bath) was attached to the gas outlet 
Side of a two-way valve inserted into the helium line of a Perkin-Elmer 
model 811 flame ionization gas chromatograph. The other end of the tube 
was left open to the atmosphere. The valve was opened and the U-tube 
was flushed with helium at the rate of 40 ml per minute for 50 seconds. 
After this the open end of the U-tube was attached to the line and the 
flushing continued for another 10 seconds. This flushing procedure was 
found to be necessary to prevent the flame being put out when the sample 
was introduced into the column by opening the valve. 

After flushing, the dry ice-acetone bath was removed and the 
U-tube heated in a 60° water bath for 3 minutes to release adsorbed gases 
from silica gel. The volatile samples were admitted to the column by 
opening the valve and flushing the U-tube with carrier gas. The column 
was a 46 cm x 0.6 cm stainless steel tube packed with 80-100 mesh activated 
alumina. The column was operated at 45° and the detector temperature was 
110°. Under these conditions four peaks were obtained. The identities 
of first and fourth peaks are not known. The second and third peaks have 
been identified as ethane and ethylene, respectively, by co-chromatography 
using authentic samples. Calibration curves-with known amounts of standard 
ethylene were prepared. Peak heights and peak areas were found to be 


proportional to the amounts of ethylene used. 
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9. Determination of the Radioactivity of Ethylene Produced 
14, 


From L-Methionine-U- 'C 
Ethylene was collected as outlined in section 7 above. Part of 

the ethylene coming out of the gas chromatograph column was absorbed in 

mercuric acetate solution. The mereuric acetate was prepared as described 

by Abeles (1). Twenty grams of mercuric acetate was dissolved in 500 ml] 

of methanol plus 1 ml of glacial acetic acid. A flow splitter was utilized 

to direct 2/3 of the sample to 3 ml of mercuric acetate solution and the 

remaining 1/3 to the gas chromatograph flame. After the ethylene peak 

had emerged, 1 ml of the sample was transferred to a scintillation vial, 


10 ml of Aquasol was added, and the radioactivity determined in a Nuclear 


Chicago Scintillation counter. 


10. Measurement of Respiration 


a. Warburg method 
Saccharomyces cerevisiae (X-2180-1B) was grown in lactate medium 


in the presence of air or J00 ppm ethylene in air as described earlier. 
The cells were harvested by centrifugation, washed twice with distilled 
water, and suspended in 0.1 M potassium phosphate buffer (pH 5.0). The 
rate of oxygen uptake was determined by the direct Warburg method using 
0.5 ml yeast suspension and 2.5 ml of potassium phosphate buffer containing 
15 mg of glucose (total volume 3.0 m1). 

b. Biological oxygen monitor method 

This method was used to measure the rate of respiration of the 
yeast that was starved in presence of air or 100 ppm ethylene in air. 
The rate of oxygen uptake was measured in a biological oxygen monitor 


(Yellow Spring Instruments) with a Clarke oxygen electrode. The reaction 
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mixture contained 2.8 or 2.9 ml of 0.1 M potassium phosphate buffer 
(pH 5.0) and 0.1 or 0.2 ml of yeast suspension. A 100% saturation was 
calcualted to be equivalent to 260 nmoles of oxygen per m1. 
11. Determination of Growth Rate 
The growth rate was followed by measuring the absorbance at 
650 nm in a Bausch and Lamb spectronic-20 photoelectric colorimeter. 
| 12. Determination of Dry Weight 
A suitable volume of cell suspension was filtered through a 
pre-weighed Millipore filter (47 mm diameter and 0.8 pore size), washed 
3 times with distilled water and dried in an over at 60° under vacum for 
18-24 hours. The dried samples were cooled in a desiccator and then 
weighed. 
13. Determination of Ethanol 
Suitable volumes (0.4 ml to 4 ml) of yeast culture were chilled 
in ice, and the cells removed by centrifugation. The supernatant layer 
was diluted with double distilled water and the ethanol content determined 
enzymatically by the method described by Bonnischsen (23). The assay 
medium contained 3 ml of pyrophosphate--semicarbazide buffer pH 8.6, 
0.1-0.2 ml supernatant layer and 0.5 mg NAD. The reaction was started 
by adding 8-10 units of alcohol dehydrogenase. The absorbance was measured 
at 340 nm in a Beckman DU-spectrophotometer 90 minutes after starting the 
reaction. A standard was run every time with a known concentration of 
pure ethanol. 
14. Determination of Ethanol Production by Yeast in’ the Presence 


of Metabolic COp and Applied Ethylene 
Saccharomyces cerevisiae (X-2180-1B) was grown in lactate medium 
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to the mid-log phase (16-18 hours). Cells were harvested by centrifugation, 
washed twice with distilled water, and suspended in 0.1 M potassium phos- 
phate buffer (pH 5.0) containing 5% glucose. The suspension was distributed 
in 20 ml quantities into twelve 50 ml-flat bottom flasks fitted with 
tight fitting rubber stoppers that had 2.5 ml plastic syringes fixed on 
them. This allowed canis of liquid from the flasks without opening 
them. The CO, produced during fermentation of glucose was trapped in 
some flasks by 1 ml of 20% KOH placed inside the flask in a scintillation 
vial. Fluted filter paper, which dipped into alkali and projected above 
the neck of the vial, gave maximum surface area for the adsorption of C0,. 
Each flask was flushed for 5 min with appropriate concentration 
of ethylene or air at the rate of 200 ml per minute, and then tightly 
closed. The flasks were incubated at 24-26° on a reciprocal shaker 
(60 strokes/minute). At regular intervals samples (0.4-0.5 ml) were 
withdrawn and the ethanol content in them determined enzymatically. 
15. Determination Glucose Uptake 
Log-phase cells obtained by growing S. cerevisiae (X-2180-1B) 
in lactate medium were washed and suspended in 0.1 M potassium phosphate 
buffer (pH 5.0). Suspensions were aerated for 10 minutes with air or 
100. ppm ethylene in air, at the rate of 100 ml per minute. Glucose was 
added in the dry form to the suspension to give a final concentration of 
0.5% and the aeration with the particular gas continued. At definite 
time intervals aliquots of the suspension were withdrawn, cells separated 
by Millipore membrane filters (0.8 1) and the amount of glucose remaining 
in the filtrate determined with glucose oxidase and peroxidase as des- 


cribed by Bergmeyer and Bernt (19). 
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16. Determination of 3-0-Methy] Glucose-Us!"c Uptake 


Experimental details were the same as in the case of glucose 
uptake except different concentrations (1 mM to 50 mM) of 3-0-methy] 
glucose-u-!4c (4,990,000 dpm or 2.24 yci/mmole) were used. After 20 
minutes 2 ml] portions of the suspensions were removed, and filtered 
through a Millipore mieneane filter (0.8 y). The cells on the filter 
were washed three times with 5 ml portions of 0.1 M potassium phosphate 
buffer (pH 5.0) containing 50 mM unlabelled 3-0 methyl glucose. The 
filter was transferred to a scintillation vial, 10 ml of Aquasol added 
and the radioactivity determined in a Nuclear Chicago scintillation counter 
(model Unilux II). 


17. Determination of "*c0, Production by Yeast from Glucose-3,4-!4c 


.Washed yeast cells were suspended in 15 ml of 0.1 M potassium 
phosphate buffer (pH 5.0) in a radiorespirometric flask described by 
Wang (178). The side arm contained 4.2 mmoles of glucose-3,4-!"C ina 
volume of 1.5 ml (sp. activity 104,760 dpm/mmole). Air or 100 ppm 
ethylene in air was bubbled through the suspension at the rate of 50 ml 
per minute. After 10 minutes the glucose solution was tipped in. Carbon 
dioxide evolved was absorbed by passing the gas coming out of the res- 
pirometric flask through 10 ml of methanol:ethanolamine mixture (70:30). 
After 30 minutes, the carbon dioxide absorbing reagent was remoyed, and 
it was replaced by 10 ml of the fresh reagent. This was repeated every 


30 minutes. Radioactivity of the Li 


CO, absorbed in the methanol: 
ethanolamine mixture was determined by transferring 5 ml of the mixture 
to scintillation vial, adding 10 ml Aquasol and counting in a Nuclear 


Chicago scintillation counter (model Unilux II). 
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18. Preparation of Yeast Extract and Assay of Enzymes 
The method described by Maitra and Lobo (103) for the pre- 


paration of yeast extract and assay of enzymes was used with some 
modifications. At a suitable growth stage a 20-30 ml portion of growing 
culture was chilled with ice, centrifuged, and washed once with 150 mM 
KCI. The cell pellet was suspended in 2 ml of the medium (2 mM 2-mercap- 
toethanol, 2 mM EDTA, 50 mM potassium phosphate buffer pH 7.4). After 
the addition of three drops of toluene, the suspension was incubated for 
30 minutes in a 37° water bath. After a preliminary clarification at 
low speed the suspension was finally centrifuged at 15,000 x g for 10 
minutes. The supernatant layer thus obtained served as the enzyme solu- 
tion in all of the experiments. 

All enzymes were assayed by coupling the particular step to 
the appropriate NAD- or NADP-linked reaction with the use of commercially 
available enzymes a coupling enzymes. The rate of production or dis- 
appearance of reduced pyridine nucleotides was followed continuously 
on a Turner model 111 fiuiorenater fitted with a high sensitivity door. 
The fluorescence change was recorded with a 10 mV potentiometric Beckman 
recorder. One full scale deflection of the recorder corresponded to a 
span of 4 to 6 nmoles of NADH or NADPH in a total volume of 4 ml at 25°. 
The concentration of the test enzyme was chosen so as to require 5-10 
minutes to traverse the full scale. That the rate was first order with 
respect to the amount of enzyme solution was ensured for at least 2- and 
generally 3-fold amounts of the aliquots. In most cases, enzymes were 
diluted in cold phosphate buffer containing EDTA and mercaptoethanol. 
With the exception of alcohol dehydrogenase all other enzymes were assayed 


in a buffer (pH 7.4) containing 50 mM triethanolamine (neutralized with 
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KOH). and 10 mM MgCl,. Unless otherwise specified all reactions were 
started by the addition of substrate. The total volume of the assay 
mixture in each case was 4 ml. 

The reaction mixture for hexokinase (EC 2-7-1-1) contained 10 
pmoles of glucose, 100 nmoles of ATP, 100 nmoles of NADP and 0.3 units 
of glucose-6-phosphate dehydrogenase in 4 ml of triethanolamine buffer. 
on glucose-6-phosphate dehydrogenase (EC 1-1-1-49) 5 ymoles of glucose- 
6-phosphate, 100 nmoles of ATP and 100 nmoles of NADP were used. 
Gluconate-6-phosphate dehydrogenase (EC 1-1-1-44) was assayed in the 
presence of 5 wmoles of gluconate-6-phosphate and 100 nmoles of NADP. 
For the assay of glucose-6-phosphate dehydrogenase and gluconate-6- 
phosphate dehydrogenase the rate in the very first minute was taken as 
the activity in order to minimize the contribution of gluconate-6- 
phosphate dehydrogenase and of NADPH, respectively. 

The phosphofructo kinase (EC 2:7-1-11) assay mixture consisted 
of 10 wmoles of glucose-6-phosphate, 2 units of phosphoglucoisomerase, 
100 nmoles of NAD, 100 nmoles of ATP, 40 nmoles of ADP, 1 unit each of 
aldolase and g-glucerophosphate dehydrogenase, and 10 units of triose 
phosphate isomerase. The reaction was started with ATP. 

Glyceraldehyde-3-phosphate dehydrogenase (EC 1-2-1.12) activity 
was measured in a mixture containing 40 nmoles of NADH, 100 nmoles of 
L-cysteine, 100 nmoles of 3 phosphoglycerate, 100 nmoles of ATP and 
1 unit of phosphoglycerate kinase. Pyruyate kinase (EC 2.7.1.40) was 
determined in a system with 40 nmoles each of phosphoenol pyruyate, ADP, 
fructose-1,6-diphosphate and 20 nmoles of NADH and J unit of muscle 


lactate dehydrogenase. 
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Alcohol dehydrogenase (EC 1-1-1:1) was assayed with 50 umoles 
of ethanol, and 100 mmoles of NAD in pyrophosphate-semicarbazide-glycine 
buffer (pH 8.8) according to the method described by Bonnischsen (23). 

19. Presentation of Enzyme Activity 

The enzyme activities are expressed as milliunits per mg of 
extract protein, thereby normalizing the results with respect to the 
increase in cell mass and variable extraction of protein from the cells. 
The more conventional method of expressing enzyme activity per unit cell 
mass was not followed as breakage of the cells by toluenization led to 
variable extraction. The protein was determined by the method of Lowry 
eb ale (91). 

20. Determination of Glucose-6-Phosphate, ATP, ADP and L-Alanine 

The method described by Maitra and Estabrook (102) for the 
extraction of glucose-6-phosphate, ATP and ADP from yeast was used with 
some modifications. Yeast cells were harvested from 5-10 ml culture 
by filtering through a Millipore filter (0.8 »), and were washed 3 times 
with cold distilled water. The filter containing the cells was trans- 
ferred to 3 ml of 5 N perchloric acid. After 30 minutes standing at 
room temperature the cells and debris were removed by centrifugation 
and an aliquot of the supernatant layer was adjusted to pH 7.4 with a 
neutralizing buffer. The neutralizing buffer had the following com- 
position: 0.5 M triethanolamine (adjusted to pH 7.4 with HC1) and 
0.67 M KOH. The neutralized samples were stored in ice for 30 minutes 
to precipitate potassium perchlorate, which was then removed by centri- 
fugation. An aliquot of the supernatant layer was used for the deter- 
mination of ATP, ADP and glucose-6-phosphate by a fluorometric method 


described by Maitra and Estabrook (102). 
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L-Alanine in the extract was determined enzymatically in the 
presence of 1 unit of glutamate-pyruvate transaminase, 10 umoles of NADH, 
10 umoles of 2-oxoglutarate, 0.3 units of lactate dehydrogenase in a total 
volume of 4 ml. The buffer used was 50 mM triethanolamine at pH 7.4. 

The oxidation of NADH was determined at 340 nm in a Beckman DW spectro- 
photometer. ) 
21. Determination of K” Uptake 

Saccharomyces cerevisiae (X-2180-1B) was grown in lactate medium, 
and the cells were harvested while they were in the log phase of growth. 
They were washed twice with distilled water and then starved for 24 hours 
at 22-24° in 0.02 M Tris-HCl buffer pH 7.4 with continuous bubbling of 
oxygen through the suspension.: The cells were collected by filtration and 
suspended in 0.02 M citrate buffer (pH 4.75, adjusted with tris) containing 
3% (v/v) propan-2-01. Ten ml of the suspension was transferred to a modi - 
fied double jacketed reaction vessel (Yellow Spring Instruments Biological 
Oxygen Monitor). The temperature of the suspension was maintained at 25° 
by circulating water through the monitor jacket. Potassium chloride was 
added to the suspension to give a final concentration of 0.4-0.5 mM kee 
' After equilibration (usually about 2 minutes) K* uptake was initiated by 
bubbling the suspension with a gas mixture consisting of 25% C0, and 75% 
air of 2000 ppm ethylene in air, at the rate of 50 ml per minute. The K 
movements were monitored with an Orion Model 92-19 liquid membrane 
potassium electrode connected to a Radiometer model 26 Expanded Scale pH 
meter. Output of the pH meter was recorded on a Texas Servo Riter recorder. 
Application of a compensating voltage by means of a 100 mV 'turnpot' was 
found to be necessary, when a wide range of potassium ion concentrations 


were to be tried. 
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IV.- RESULTS AND DISCUSSION 


A. PRODUCTION OF ETHYLENE BY SACCHAROMYCES CEREVISIAE 
1. Ethylene Production by Saccharomyces cerevisiae 

Grown in Lactate Medium 

Saccharomyces cerevisiae (X-2180-1B) did not produce any ethylene 
when lactate was the main carbon source in the growth medium. In fact, 
the production of ethylene by the yeast was significantly lower than that 
produced by uninoculated medium (blank). The results from one of the 
typical experiments are presented in Table 1. 

Uninoculated fresh medium produced the maximum amount of 
ethylene. Filtrate obtained from the PUTEeS <0 produced more ethylene 
than an equal volume of culture itself. Addition of either cyclo- 
heximide or D-threo-chloramphenicol seemed to increase production of 
ethylene from all samples slightly. 

The yeast seems to absorb ethylene from the surrounding medium. 
Ci naieeion from the data presented in Table 1 showed that 6.8 nl of 
ethylene were absorbed by 1 g of yeast (dry weight) per hour. This 
adsorption was less in the presence of cyclohexamide (4.1 n1/g/hr) and 
more in the presence of D-threo-chloramphenicol (9.9 nl/g/hr). 

The smaller production of ethylene by the yeast compared to 
filtrate and fresh medium does not appear to be a result» of ethylene 
getting dissolved in the lipid fraction of yeast. If this were the case, 
One would expect the amount of ethylene absorbed by the yeast to be 
proportional to the cell mass. Chloramphenicol treated cells absorbed 
more ethylene than untreated cells, even though in the former there was 


17% inhibition of growth. The decreased absorption of ethylene by the 
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TABLE 1: Production of Ethylene by Saccharomyces cerevisiae 
(X-2180-1B) grown in lactate medium 


ng Ethylene per Hour 


Penna Control + Cycloheximide nloeeeonen cet 
Yeast culture 0.64 0.82 1.01 
Filtrate F.40 110 eis 
Fresh medium ie 37 1.46 L720 
Yeast culture minus -0.46 -0.28 -0.64 

Filtrate 


The yeast was grown in lactate medium at 27° for 18 
hours and then ethylene was collected from 20 ml of 
culture, filtrate or uninoculated fresh medium. 
Twenty ml culture contained 67 mg of yeast (dry 
weight). Cycloheximide (120 ug/ml) or D-threo- 
Chloramphenicol (1.5 mg/ml) was added at zero time 
of ethylene collection and the collection was con- 
tinued for 60 minutes. 
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cycloheximide treated cells, on the other hand, may actually reflect 
decreased growth rate. In this case a 46% inhibition of growth was 
observed. 

2. Induction of Ethylene Production in Yeast by Glucose 

Although S. cerevisiae (X-2180-1B) does not produce any ethylene 
when lactate serves as the main carbon source in the growth medium, its 
proddee ton can be induced by the addition of glucose. A typical response 
to the addition of glucose in shown in Figure 1. 

The yeast absorbed ethylene from the surrounding medium as Jong 
as the main carbon source in the growth medium was lactate. This obser- 
vation is in agreement with the data presented in Table 1. Net absorption 
of ethylene from the surrounding medium decreased on addition of piicose! 
and eventually the yeast produced significant quantities of ethylene. 
Addition of glucose also resulted in a faster growth rate. The cell mass 
more than doubled during a 4-hour incubation with glucose (61 mg to 136 mg), 
whereas without glucose the increase in cell mass was small (61 mg to 85 mg). 

A fairly high concentration of glucose (10.8%) was used in this 
set of experiments. Its significance in mitochondrial repression and 
ethylene production will be discussed in a later section. 

The shape of the curve in Figure 1 suggests that the rate of 
ethylene production increased with time after the glucose had been added. 
It is probable that addition of glucose induced de novo synthesis of 
enzymes responsible for the synthesis of ethylene. This aspect was 
studied by addition of cycloheximide along with glucose to the yeast 
suspension. The results are presented in Figure 2 and Table 2. 

Cycloheximide inhibited the glucose-induced ethylene production 


by the yeast. This suggested that glucose induced the synthesis of an 
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Effect of glucose on ethylene production by Saccharomyces 
cerevisiae (X-2180-1B). The yeast was grown in lactate 

medium to the early log-phase. 20-ml quantities of the culture 
were used for collection of ethylene. Glucose (10.8%) was 
added at the time indicated. 20 ml culture contained 61. mg 


yeast (dry wt) 


@ No glucose added 
© glucose added 


| point of addition 
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Fig. 2. Effect of cycloheximide on glucose-induced ethylene pro- 
duction by Saccharomyces cerevisiae (X-2180-1B). The 
yeast was grown to early log-phase in lactate medium. 
Twenty ml quantities of the culture were used for ethylene 
collection. Cycloheximide (120 ug/ml) and glucose (10.8%) 
were added 15 minutes prior to the start of ethylene 


collection. 


O + glucose 


@® + glucose + cycloheximide 
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_ TABLE 2: Effect of Cycloheximide on Glucose-Induced Ethylene 
Production by Saccharomyces cerevisiae (X-2180-1B) 


Treatment 


+ Glucose 


+ Glucose + 
Cycloheximide 


0 hr 
(mg) 


29 


29 


Cell Mass (dry wt) at 


4 hr 
(mg) 


87 


34 


nz Ethylene/4 hr 


19.5 


es) 


The yeast was grown in lactate medium at 27° for 18 hours. 
Twenty ml portions were distributed in collection flasks, 
and glucose (10.8%) and cycloheximide (120 ug/m1) were 
added 15 minutes prior to the beginning of collection 
period. The results are average values of duplicate 


determinations. 
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enzyme or enzymes required for ethylene production. It is interesting 
to recall in this respect, that cycloheximide inhibits indoleacetic 
acid-induced ethylene production in pea root tips (36) and in sub-hook 
segments of etiolated pea epicotyl (83). 

Even in the presence of cycloheximide the yeast produces small 
quantities of ethylene. The rate of production of ethylene in the pre- 
ae of the inhibitor seems to increase with time as indicated in 
Figure 2. The effect of cycloheximide on this yeast diminishes with time. 
Saccharomyces cerevisiae is known to develop resistance to cycloheximide 
rapidly (121). 

3. Effect of Glucose Concentration on Induction 

of Ethylene Production 

The effect of three concentrations of glucose on induction of 
ethylene production by the lactate grown yeast (S. cerevisiae X-2180-1B) 
is shown in Figure 3. 

The ethylene production by the yeast during the first hour was 
inversely proportional to the glucose concentration. At 0.5% (27.75 mM) 
glucose concentration the ethylene production during the first hour was 
nearly double that obtained at 1% glucose (54.4 mM). The amount of 
ethylene produced by the yeast in presence of 10% glucose (544 mM) during 
the first hour was equal to that evolved by the blank (equal volume of 
fresh lactate medium containing 10% glucose). On subsequent incubation 
the rate of production of ethylene continued to increase at all three 
glucose concentrations, and the maximum production during the third hour 
of incubation was obtained in the sample that initially contained 1% glu- 
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Fig. 3. Effect of glucose concentration on ethylene production by 
Saccharomyces cerevisiae (X-2180-1B). The yeast was grown 
in lactate medium to the early log-phase. 20-ml quantities 
of the culture were used for ethylene collection. Glucose 
was added 15 minutes prior to the start of ethylene 
collection. 20 ml culture initially contained 30 mg 
yeast (dry wt) 
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It appears from these results that the glucose concentration 
at which the yeast produces the maximum amount of ethylene is 0.5% or 
less. High concentrations of glucose are known to cause repression in 
yeast (89). Repression is manifested by the formation of aberrant mito- 
chondria Jacking several of the key enzymes required for the transport 
of electrons from substrates to oxygen. Removal of glucose from the 
medium results in de-repression. A 10% glucose concentration is known 
to repress S. cerevisiae completely (89). Even at this concentration of 
glucose ethylene was being produced by the yeast used in the present study. 
This suggested that mitochondrial electron transport and oxidative phos- 
phorylation per se were not essential requirements for ethylene production. 
However, ethylene production by S. cerevisiae (X-2180-1B) seemed to be 
maximum when glucose-induced repression was minimum. For example, at a 
concentration of 0.5% glucose the repression was less than that a 1% 
glucose and the ethylene production was more in the former case than in 
the latter. With prolonged incubation the concentration of the sugar in 
the sample that initially contained 1% glucose, reached an optimum level 
at which ethylene production was maximum. It may be concluded from this 
experiment that biosynthesis of ethylene by Saccharomyces cerevisiae 
(X-2180-1B) is stimulated by smal] quantities of glucose, and the optimal 
rate of production of the volatile is favoured by a non-repressing con- 
centration of the sugar. 

4. Effect of Oxygen on Ethylene Production 

Whether respiration and mitochondrial ATP formation are obli- 
gatory to ethylene biogenesis is not known. This aspect was studied using 
respiration deficient mutants isolated from the wild yeast S. cerevisiae 


(X-2180-1B). The results are presented in Table 3. 


ad sy erin Om ‘heauile Se oat agree “aad ait err ran . 
a0.  enalgite t + hoot Dea ‘ae Heaney Fasay, ot nad 
= Sati “init Os win age aie ve hea am s 
siete’ 0 monet ans ve bene sian nat eae 3 abe: 


L ) if any. Aah / e Tae ; o¢ or ae Tare. “poets 


We 
ii 


ago? nye Mipyxe Gg rag i SA i nar * 
‘ j 


te) FoR NSO aensihs BA) ) ie ie sarc? vious wa.) 

ia fom ay AE ihe ot eae LA ty] aii Se) B tae B 4 
2 gee “i yy Hayh URVe . fy bake : Get nately 

Lh 3 ober joy 33 ie hep aveat ai th “et Linea § 


hagas fnie tO“ he iy 


Bde (2 -ORkS- 4) Saeed oe td nh oberg state 


LMS) 703. inal eee ener boaubrPdeqachate rere ‘ 

Eo) Zikh IN Saget RTS he saltexte 

7 act ENTS act he 2 ie oa Aiton Se ¢f3 bane. é obuht 
WESSaAEI GS | lee Gini Jyeusni lugrsiion foie wit] 

Waet WRT UO Ne PangEey - ues bo) ki tates iv + utensil ied afqmea At 

ek waist sie “ai V Git 4 iva’ eet oi. ihdowhe rte amity notte $8 

pap pasumenbed hae. yb mrrabaiag 9 baw tases alt ‘ace 

PRE REY, ae Ae Oral Yee Ci) ssh it yng at ravalonise gt “ercirss 

) nila Ne a yer Howeyer Shes Mie ett So moltaghere ts wey 


ate Srl “ Tn a oo ; | Aelia SP Re apt aangean’ SG 


; “Nal (oubeds arg Iasi p siete 3a 1anT9 ake, an 
| 1 NBED Mt ee hep gine Pe faire mitt otiguen vei 
Taine tla silat saul : yes jon ny, ugpeenvent J Aol slotes oF, soe to a 

, a me =~ d2oay ora angoanyt be alti eSnatdr saat ota oon 


Bi spdst 03) ete edt fot 


_ Pe Lal 


asia ee ee pee” Pd a. mn 7 


TABLE 3: 


Mutant 


Sf 


Ethylene Production by Respiration Deficient Mutants 
Isolated from Wild Type Saccharomyces cerevisiae 


(X-2180-1B) 
Cell Mass (dry wt) at Ethylene Production 
0 min 120 min 0-60 min 60-120 min 
(mg) (mg) (nz) (nz) 
SW 84 4.3 4.4 
124 15] 14.3 1S) 


The mutants were grown in glucose medium for 16 
hours. Twenty ml portions were distributed in 
collection flasks, and the ethylene collected as des- 
cribed in Materials and Methods. The results are 
average values of duplicate determinations. 
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It can be seen that respiration deficient mutants produced 
relatively large quantities of ethylene. Since these mutants lacked 
funcational mitochondria, they did not respire. They obtained their 
metabolic energy by fermenting glucose, and therefore, energy required 
for ethylene synthesis also might have come from this catabolic process. 

While this experiment tentatively proved that ATP formed by the 
mitochondrial oxidative phosphorylation was not essential for ethylene 
biogenesis, it still did not provide evidence against participation of 
molecular oxygen in the biosynthetic pathway of ethylene. Since the 
mutants were grown and the rate of ethylene production determined under 
aerobic conditions, it was quite possible that molecular oxygen did take 
part in the biosynthesis of ethylene. This was studied by growing the 
wild yeast (S. cerevisiae X-2180-1B) under anaerobic conditions, and 
determining the rate of ethylene production in the absence and presence 
of oxygen. The results are presented in Figure 4. 

Anaerobically grown yeast and filtrate obtained from it pro- 
duced significant quantities of ethylene in the obsence of oxygen. The 
rates of ethylene production by filtrate and medium containing yeast 
increased rapidly on admission of air. This suggested that under anoxic 
conditions the rate of conversion of precursor to ethylene was slow, and 
on admitting oxygen to the medium this conversion was stimulated. 

The rate at which ethylene was being produced leveled off 
shortly after exposing the yeast to aerobic conditions, whereas evolution 
of ethylene from filtrate under the same conditions delcined after an 
initial rise. This declining rate of evolution of ethylene from the 
filtrate might result from the exhaustion of precursor or cofactor that 


apparently was produced by the yeast. 
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Fig. 4. Ethylene production by anaerobically grown Saccharomyces 
cerevisiae (X-2180-1B) and the effect of oxygen on ethylene 
production. The yeast was grown in glucose medium. Anoxic 
conditions were maintained by bubbling sterile nitrogen through 


the medium. Air was admitted at the time indicated. 


@® Production of ethylene by yeast, anaerobic. 
O Production of ethylene by yeast, aerobic. 

A Production of ethylene by filtrate, aerobic. 
A 


Production of ethylene by filtrate, anaerobic. 


Point of admitting air 
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5. Effect of pH on Ethylene Production 


The following experiment was conducted to study whether the pH 
of the external medium influences the rate of production of ethylene by 
Saccharomyces cerevisiae (X-2180-1B). Uninoculated medium had a pH of 
4.8 and it dropped to 3.6 after growing the yeast in it for 16 hours. 

At 16 hours half of the culture was filtered and aliquots of the filtrate 
were adjusted to pH 4.0, 5.0 and 6.0 with 1 M KOH. Aliquots of the other 
half of the culture were also similarly adjusted. Rates of ethylene 
production by these samples were determined; the results presented in 
Table 4 are average values of duplicate determinations. 

Maximum amounts of ethylene were produced by the filtrate and 
by medium containing the yeast when the pH had been adjusted to 4.0. 
Samples adjusted to pH 5.0 evolved considerably less ethylene and the 
difference between pH 5.0 and 6.0 was not very marked. The pH of the 
filtrate did not change appreciably during the ethylene collection 
period. In the presence of yeast, however, there was a drastic decrease 
of the pH of the media which had been adjusted to pH 4.0 and 5.0. The 
drop in pH of the yeast-containing medium that had an initial pH of 6.0 
was less marked. In this case, the change in pH of the culture was 
slightly more than that of the filtrate after 2 hours, although for the 
culture it did take more KOH in the initial adjustment of the ph. 

It appears from these results that maximum ethylene production 
from filtrate, and medium containing yeast, is favored by a pH around 4. 
However, ethylene production by the yeast seems to be unaffected by the 
adjustment of the pH of the medium. This is shown in Figure 5. 

It might be argued, however, that the yeast grew and lowered 


the pH of the medium from an initial value of 5.0 to 3.8 (Table 4) and 
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TABLE 4: Effect of pH on Ethylene Production by 
Saccharomyces cerevisiae (X-2180-1B) 
pH 
re ; : M. Equiv. KOH Total Ethylene 
Sample Initial Adjusted Final ; 
P (0 hr) oa : (2 hr) used/Litre /litre/2 hr 
(nz) 

S60 4.0 4.0 10.0 327 
Filtrate 3.6 5.0 Sal 30.0 131 

320 6.0 Ore 92.5 120 

3.6 4.0 323 10:0 550 
Yeast 
Culture 3.6 5.0 36 30.0 368 

320 6.0 57 105:.0 322 


The yeast was grown at 27° in glucose medium for 16 
hours. Half of the culture was filtered through 
Millipore membrane filter (0.8 u). Aliquots of the 
filtrate were adjusted to pH 4.0, 5.0 and 6.0 with 
1.0 M KOH. Similarly aliquots of the yeast culture 
also were adjusted. 
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Effect of pH on ethylene production. Saccharomyces cerevisiae 


(X-2180-1B) was grown in glucose medium for 16 hours. The 


pH of the culture and the filtrate obtained from it were 


adjusted with KOH. The pH of the fresh medium was adjusted 
with KOH or H.,PO,. 
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3 °4 
Yeast culture 
Filtrate 
Difference bemieen yeast culture and filtrate 


Fresh medium 
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this decreased pH was responsible for the increased production of ethylene. 
This does not seem to be the case. When the pH of the medium containing 
the yeast was adjusted to 6.0, the ethylene production was still comparable 
to that produced by the sample adjusted to pH 5.0, even though the pH 
dropped only to 5.7 in the former. 

Uninoculated medium produced small amounts of ethylene. This 
Reedieticn was not dependent on the pH of the medium (Figure 5). There- 
fore, the uninoculated medium did not seem to contain ‘the precursor' 
whose conversion to ethylene is favored by a lower pH. It may be concluded 
that the 'precursor' is produced by the yeast and passed into the medium. 

6. Effect of L-methionine on Ethylene Production 

The effect of L-methionine of ethylene production by 
Saccharonyces cerevisiae (X-2180-1B) was studied and the results are 
presented in Figure 6. 

The rate of production of ethylene by the yeast in lactate 
medium was less than that produced by the blank (uninoculated medium). 

On addition of L-methionine (1 mM), the ethylene production by the yeast- 
containing medium increased, and eventually reached a value greater than 
that produced by the blank. 

Ethylene production by the lactate grown yeast was also increased 
by the addition of glucose (2% at zero time). This is in agreement with 
the results presented in Figures 2 and 3. The rate of production of 
ethylene was maximal by the third hour; thereafter the rate seemed to 
decrease. This may result from the exhaustion of glucose from the medium. 

7. Synergistic Effects of D-glucose and L-methionine on Ethylene 

Production 


Previous experiments have shown (Figure 6) that D-glucose and 
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Fig. 6. Production of ethylene by Saccharomyces cerevisiae (X-2180-1B) 
in the presence of glucose or L-methionine. The yeast was 
grown in lactate medium to the mid-log phase. Forty ml 
quantities of the culture were used for ethylene collection. 
Glucose (2%) was added at zero time. L-Methionine (1mM) was added 


2 hr after the start of ethylene collection. 


4 Yeast growing in lactate medium 


4A L-methionine added to the yeast growing in lactate 
medium 


O Glucose added to the yeast growing in lactate medium 
@® Fresh uninoculated medium 


Point of addition of methionine 


nl CoHy per hour per flask 


60 


120 
TIME 


180 
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L-methionine stimulate ethylene production by S. cerevisiae (X-2180-1B) 
independently. In the following experiments the synergistic effects of 
these two compounds on ethylene production by the yeast were studied. 
The results are presented in Figures 7 and 8 and in Table 5. 

In the first case, L-methionine was added to the lactate grown 
yeast culture at the beginning of the ethylene collection period (see 
Figure 7). Immediately after the addition of L-methionine, the rate of 
production of ethylene started to increase and within a few hours it 
leveled off. When glucose was added to the yeast culture which had pre- 
viously been treated with L-methionine, the rate of ethylene production 
increased rapidly. Two hours after the addition of glucose the ethylene 
production had increased over four-fold compared to the sample that 
contained L-methionine but not glucose. Stimulation by D-glucose or 
L-methionine alone of ethylene production was small, but when they 
were present together in the growth medium, there was a tremendous 
increase in the amount of ethylene synthesized by the yeast (compare 
Figures 6 and 7). 

It was found in earlier experiments that when the growth medium 


contained low concentrations of glucose, the medium became depleted of 
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glucose by growing yeast within a few hours. Therefore, in this experiment 


(Figure 7) the addition of glucose to the yeast culture was delayed for 
2 hours to allow methionine-induced stimulation of ethylene production to 


reach a peak yalue. 


In the following experiment the order of addition of methionine 


and glucose was reyersed. Glucose was added at the beginning of the ethy- 


lene collection period, and L-methionine after 2 hours. The results are 


presented in Figure 8. Addition of glucose to the lactate-grown yeast 
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Fig. 7. Effect of glucose and L-methionine on ethylene production 
by Saccharomyces cerevisiae (X-2180-1B). The yeast was grown in 
lactate medium to the mid-log phase. Forty ml quantities of the 
culture were used for ethylene collection. L-Methionine (1mM) 
was added at zero time and glucose (2%) was added 2 hours 
after the addition of L-methionine. The values were subtracted 


from the corresponding blank (fresh medium) values. 


A Ethylene production by the yeast in lactate medium 


O Ethylene production by the yeast in lactate medium 
that contained ImM L-methionine 


@ Ethylene production by the yeast in lactate medium 
that contained 2% glucose and ImM L-methionine 


| Point of addition of glucose 


nl CoH, per hour per flask 


60 


120 
TIME 


180 
(minutes ) 


240 


300 
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Effect of glucose and L-methionine on ethylene production 

by Saccharomyces cerevisiae (X-2180-1B). The yeast was grown 
in lactate medium to the mid-log phase. Forty ml quantities 
of the culture were used for ethylene collection. Glucose 
(2%) was added at zero time and L-methionine (1mM) was added 
2 hours after the addition of glucose. The inset indicates 
the rate of ethylene production in presence glucose on a 


magnified scale. 


O Ethylene production in presence of glucose 


@® Ethylene production in presence of glucose and 
L-methionine 


‘ Point of addition of methionine 
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increased ethylene production by 3.8-fold over control within 3 hours. 

On further incubation, however, the rate of production of ethylene de- 
clined, and by the end of 5 hours the increased ethylene production was 
only 2.7-fold over the control. (See the inset in Figure 8.) Addition 

of 1 mM L-methionine at the end of 2 hours to the glucose containing yeast 
culture increased the ethylene production over 130-fold within 3 hours. 
This showed that glucose and methionine had a synergistic effect on 
stimulation of ethylene production by S. cerevisiae (X-2180-1B). 

The rate of production of ethylene by the yeast in the presence 
of glucose and methionine is very large compared to any plant tissue. On 
a per gram basis this yeast produced 4.6 wl of ethylene per hour. Com- 
parable value per hour for apple (a high ethylene producer) is 0.03 ul 
per gram fresh weight (86). 

It has been shown by tracer studies that apples, banana and pea 
stems produce ethylene from methionine (28). Mapson (108) suggested that 
the conversion of methionine to ethylene was facilitated by peroxide 
generated by the action of glucose oxidase on D-glucose. Although it has 
not been conclusively proven that the stimulatory effect of glucose on the 
conversion of methionine to ethylene is through generation of peroxide, 
there is no doubt that for maximal production of ethylene from methionine 
by yeast, the presence of glucose also is needed. The large stimulation 
of ethylene production by L-methionine in the presence of glucose suggests 
that glucose participates in the biosynthesis of ethylene in S. cerevisiae 
(X-2180-1B). 

8. Changes in the pH of the Medium, Cell Mass and Rate of 

Ethylene Production 


When the growth medium did not contain glucose or methionine 
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and the main carbon source in the medium was lactate, the cell mass of the 


-yeast increased from 33 mg to 86 mg during an interval of five hours 


(Table 5). Ethylene production by this sample was low. Addition of 
L-methionine (1 mM) at 120 minutes did not alter the growth pattern, but - 
ethylene production was stimulated seven fold. On the other hand, if 
glucose was added (2% glucose was added to ensure that glucose was present 
throughout the duration of the experiment) the cell mass increased to 

178 mg from an initial 33 mg in 5 hours and ethylene production increased 
8-fold over control. L-methionine did not affect the glucose-stimulated 
growth of the yeast, but increased ethylene production over 130-fold 
(compared to the control). 

Changes in pH of the medium brought about by the addition of 
glucose, methionine, and glucose plus methionine are worth noting. Yeast 
grown on lactate increased the pH of the medium from 5 to 6.1, and addition 
of L-methionine (1 mM) did not seem to affect this increase in pH. Addi- 
tion of glucose (2%) decreased the pH from 5 to 4.5 and even in the pre- 
sence of glucose, methionine did not have an effect on pH change. 

Two explanations for the increase in the pH of the medium in 
which the yeast was grown without added glucose are: (a) Hydrogen ion 
from the medium was taken up by the yeast; (b) Carbon dioxide from the 
medium was absorbed by the yeast, thus shifting the equilibrium of the 
reaction shown below to the left. 

CO, + H,0z—=FHCO, +H" 

When the yeast is grown in lactate medium the first product 

that is derived from lactate by the yeast is pyruvate. Pyruvate serves 


as a precursor in the biosynthesis of a great number of cel] constituents. 
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Also, oxidation of pyruyate through tricarboxylic acid (TCA) cycle yields 
energy for cell metabolism. Operation of TCA cycle is important on two 
counts. (a) It yeilds energy needed for the survival and growth of the 
organism. (b) It provides intermediates required for the synthesis of 
several of the amino acids. Draining of TCA cycle intermediates for 
amino acid synthesis cannot occur for an extended length of time without 
enueeirig off the cycle. Splittstoesser (166) suggested that this diffi- 
culty could be overcome by dark fixation of C0. inyolying malic enzyme 
or phosphoenolpyruvate (PEP) carboxylase. Products of dark fixation of 
C0, (malic acid and oxaloacetic acid) are intermediates of TCA cycle. 
Therefore, as long as dark fixation of C0. continues, the biosynthetic 
role of the TCA cycle will not be inhibited. Recently Bown and Aung (24) 
and Bown et al. (25) have shown that dark fixation of CO, takes place in 
plants even at ambient levels of C0. and it is vital to plant growth. 

It is reasonable to expect that when most of the amino acids are 
to be synthesized from pyruvate, as in the present study, dark fixation of 
CO. is an essential feature of cell matabolism. Hence it may be reasoned 
that the increase in pH observed when the yeast is grown in lactate medium 
is a result of the removal of C0, from the medium. 

When glucose is present in the medium, carbon dioxide is pro- 
duced by the yeast in large quantities through fermentation. Carbon 
dioxide, in turn, may lower the pH of the medium. Also, in yeast K" is 
co-transported with glucose and in exchange HT is excreted into the medium 
(174). This also may contribute to the lowering of the pH of the medium. 
Thus even if dark fixation of C0. takes place in the glucose-grown yeast, 


it may not manifest itself by increasing the pH of the medium, 
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9. Effect of L-methionine on Production of Ethylene by the 


Filtrate of Glucose-Grown Yeast 

Saccharomyces cerevisiae (X-2180-1B) was grown in a glucose- 
containing medium for 18 hours and the cells removed by filtering through 
a Millipore membrane filter (0.8 pore size). Rates of production of 
ethylene by the filtrate in the presence of L-methionine (1 mM) and in 
its absence were determined. The results presented in Figure 9 are 
average values of duplicate determinations. 

The rate of production of ethylene from the filtrate that did 
not contain L-methionine decreased slightly with time. On the other 
hand, there was a small increase in the amount of ethylene produced by 
the filtrate containing L-methionine. It is not certain whether the 
increased ethylene production is a result of enzymatic conversion of 
L-methionine to ethylene. (Addition of L-methionine to uninoculated 
medium did not increase ethylene production.) If the conversion is 
enzymatic in nature, then activity of the enzyme(s) responsible for 
this conversion is extremely low. On the other hand, the conversion 
may be non-enzymatic; something similar to that described in certain 
model systems (87). In the presence of the yeast, production of ethy- 
lene from methionine is very rapid (Figure 8). Whatever the mechanims 
of conversion of methionine to ethylene in the filtrate may be, it cannot 
account for the fast production of ethylene from methionine when the 


medium contains the yeast. 


10. Effect of L-methionine Concentration of Ethylene 
Production of Saccharomyces cerevisiae (X-2180-1B) 


In all previous experiments (Figures 6, 7, 8 and 9, and Table 5) 


L-methionine was used at a concentration of 1 mM. In the following experiment 
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Fig. «9. 


Effect of L-methionine on ethylene production by cell-free 
growth medium. Saccharomyces cerevisiae was grown in glucose 
medium to the mid-log phase. The culture was filtered and 

40 ml quantities of the filtrate were used for ethylene 
collection. L-Methionine (1mM) was added to the filtrate at 


the beginning of ethylene collection period. 
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the effect of L-methionine concentration on ethylene production by the 
yeast was studied (Figure 10). Since glucose was found to be essential 
for a maximal rate of ethylene production, 2% glucose (w/v) was added to 
each sample at the beginning of the ethylene collection period. Various 
concentrations of L-methionine were added two hours after the addition of 
glucose. | 

Ethylene production was stimulated at all three concentration 
levels of L-methionine, in comparison to the control without methionine. 
However, the rate of production of ethylene at the lowest concentration 
of L-methionine (0.2 mM) leveled off within 2 hours after the addition of 
the amino acid. At higher concentrations of L-methionine (1 mM and 5 mM) 
ethylene production continued to increase. 

The endogenous concentration of free L-methionine in plant 
tissues that produce large amounts of ethylene is very low (15). There- 
fore, to maintain a high rate of ethylene production, methionine must be 
synthesized at a fast rate (14), or methionine must be exogenously applied 
(86). Intracellular concentration of free methionine in S. cerevisiae 
grown in the absence of any added methionine is reported to be less than 
2 pmoles per gram dry weight, and the value could go as high as 120 umoles 
per gram dry weight if the suspending medium contained 20 mM 1-methionine 
(51). Lor and Cossins (90) have suggested that L-methionine controls the 
methyl group biogenesis within the folate pool of Saccharomyces and exo- 
genously applied methionine (2.5 mM) inhibits its won synthesis. 

In the present study, however, the growth rate of the yeast was 
not affected by methionine at any of the concentrations used. Even at 


5 mM concentration the ‘adenine trapping effect' (50) of methionine did 
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Fig. 10. Effect of L-methionine concentration on ethylene production 
by Saccharomyces cerevisiae(X-2180-1B). Forty ml quantities 
of the lactate grown yeast were used for ethylene collection. 

Glucose was added at zero time and various concentrations of 


L-methionine were added 2 hours after the addition of glucose. 
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not manifest itself in decreased growth rate. 

Since exogenously applied methionine while inhibiting its own 
synthesis (90), stimulates ethylene production as shown in the present 
study, it may be inferred that the methionine-stimulated ethylene production 


does not involve the intermediates of methionine biosynthetic pathway. 


11. Effects of D-methionine and L-ethionine on Ethylene 
Production by Saccharomyces cerevisiae (X-2180-1B) 


Mapson (108) suggested that the conversion of methionine to 
ethylene in model systems is dependent on the presence of the structure 
R-S-CH,-CH,-, where R group should be either CH, or Coie. D-methionine 
and L-ethionine should yield ethylene with equal efficiency to L-methionine 
in an ethylene producing biological system provided any enzymes involved 
were not capable of distinguishing between them. 

In most organisms, D-methionine is a non-metabolizable substrate 
that cannot replace L-methionine. L-ethionine is a competitive inhibitor 
of transmethylation reactions involving L-methionine (41). Occurrence 
of D-methionine in plants has been demonstrated but ethionine in an ana- 
logue of methionine that does not occur naturally. 

The effect of D-methionine on ethylene production by the yeast 
is shown in Figure 11. While the ethylene production increased immediately 
after the addition of L-methionine (1 mM), in the presence of D-methionine 
(1 mM) the ethylene production started to increase only after a lag of 
two hours. This suggested that either induction of D-methionine permease 
was slow, or D-methionine had to be converted to L-methionine before it 
could yield any ethylene. Such a conyersion of D-methionine to its 


L-isomer has been reported in rat and man (121). It is not certain whether 


such a conversion takes place in yeast. 
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Fig. 11. Effect of L-methionine and D-methionine on ethylene 
production by Saccharomyces cerevisiae (X-2180-1B). 
Forty ml quantities of lactate grown yeast were used for 
ethylene collection. Glucose (2%) was added at zero 
time and L-methionine (1mM) and D-methionine (1mM) 


were added 2 hours after the addition of glucose. 
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The model (108) that suggests that ethylene is derived from the 
C.-C, moiety of L-methionine does not give an explanation as to the fate 
of methyl group attached to the sulphur atom. Burg (26) suggested that 
the methyl group enters the C, pool. This suggestion implicates the 
involvement of a transmethylation reaction in the production of ethylene 
from L-methionine. If such is the case, the conversion of L-methionine 
to ethylene should be inhibited by L-ethionine, which is known to be a 
competitive inhibitor of transmethylation reactions involving L-methionine 
(41). 

The results presented in Figure 12 are not in agreement with 
such a proposal. When both L-methionine and L-ethionine were present 
in equal concentrations (1 mM each) the ethylene production was more than 
that obtained in the presence of either compound alone. Blanks containing 
L-ethionine did not produce significant amounts of ethylene. Increasing 
the ratio of L-ethionine to L-methionine to 3:1 further increased the 
ethylene production. These experiments showed that ethylene production 
was enhanced when L-methionine and L-ethionine were added singly or to- 
gether. If methionine was converted to ethylene, the pathway of conver- 
sion probably did not require transmethylation of L-methionine as a prior 
SUED, 

As. long as methionine was also present in the medium, L-ethionine 
did not affect the growth of the yeast. But in the absence of L-methionine 
a concentration of 1 mM l-ethionine inhibited the growth of the yeast by 
34% in 3 hours. In spite of the inhibition of the growth, ethylene pro- 
duction in yeast continued to be stimulated by L-ethionine. 

It is not certain whether L-ethionine is directly converted to 


ethylene, or it is first transformed to L-methionine. In this respect, 
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. 12. Effect of L-methionine and L-ethionine on ethylene pro- 


duction by Saccharomyces cerevisiae (X-2180-1B). Forty 
ml quantities of lactate grown yeast were used for 
ethylene collection. Glucose (2%) was added at zero 
time. L-Methionine and L-ethionine were added 2 hours after 
the additicn of glucose. 
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it can be recalled that, according to Maw (114), as much as 30% of the 
sulphur of ethionine can be found in methionine residues after incor- 
poration of ethionine into yeast protein. 
12. Inhibition of Ethylene Production by Pyruvate 

Durham et al. (49) suggested that L-methionine, before being 
converted to ethylene was transaminated and the resulting a-keto analogue 
of methionine was converted to ethylene by a free radical mechanism. They 
isolated and purified from germinating peanut seedlings, an amino trans- 
ferase that was specific for L-methionine. The most effective amino 
acceptor for this transferase was found to be pyruvate. 

If the contention of these authors is correct, pyruvate must 
be an active participant in the formation of ethylene from L-methionine. 
This aspect ne studied by adding potassium pyruvate (1 mM) along with 
L-methionine (1 mM) to the yeast S. cerevisiae (X-2180-1B), and following 
the rate of ethylene production. The results are presented in Figure 13. 

In the absence of added pyruvate, the stimulation of ethylene 
production by L-methionine followed the pattern described earlier 
(Figure 7). In the presence of added pyruvate, however, stimulation of 
ethylene production by mneeiionine was not evident for the first 3 hours, 
but on subsequent incubation there was a smal] increase. This suggested 
that pyruvate probably inhibited the conversion of methionine to ethylene, 
and the inhibitory effect was removed when pyruvate was exhausted from 
the medium. Even if the addition of pyruvate increased the production 
of 2-keto-4-thiomethylbutyrate (KMBA) from methionine through the amino- 
transferase reaction, the ethylene production was not stimulated. This 
indirectly suggested that KMBA was not an intermediate in the conversion 


of methionine to ethylene in Saccharomyces cerevisiae. Lieberman and 
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Effect of pyruvate on methionine-stimulated ethylene 
production in Saccharomyces cerevisiae (X-2180-1B). 
40 ml quantities of lactate grown yeast culture were 
used for ethylene collection. L-methionine (1 mM) 
and pyruvate (1 mM) were added at the beginning of 
ethylene collection period. 
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Kunishi (85) and Baur et al. (15) also came to the same conclusion from 
experiments in which KMBA was fed to apples and avacado. 

The inhibitory effect of pyruvate on ethylene production by 
Saccharomyces cerevisiae (X-2180-1B) was verified in a separate experiment 
(Figure 14). Even at a concentration of 0.1 mM, pyruvate inhibited ethylene 
production from yeast filtrate by 37% and at 10 mM concentration of pyruvate 
this inhibition was increased to 82%. The extent of inhibition of ethylene 
production by the yeast in the presence of 0.1 mM and 1.0 mM pyruvate was 
very small, but at 10 mM concentration the inhibition reached a value of 
23%. The decreased inhibition of ethylene synthesis by pyruvate in yeast 
may result from the capacity of yeast to utilize pyruvate, and thus remove 
its inhibitory effect. It is interesting to note that when the yeast is 
grown with lactate as the sole carbon source, it does not produce ethylene 
(Table 1). This lack of ethylene production may result from a large intra- 


cellular concentration of pyruvate, which is directly derived from lactate. 


13. Effects of L-alanine and L-cysteine on Ethylene 
Production by Saccharomyces cerevisiae (X-2180-1B) 


The effects of L-cysteine and L-alanine on ethylene production 
by yeast were studied, and the results are presented in Figure 15. 

L-Alanine (1 mM) seemed to have little initial effect on 
ethylene production by the yeast, but 3 hours after the addition of the 
amino acid, the rate of ethylene production declined considerably, sug- 
gesting a possible inhibition. In the presence of L-cysteine (1 mM), 
the rate of ethylene production was stimulated initially, but on sub- 
sequent incubation the rate dropped at a faster rate than in the control. 

The inhibitory effect of L-alanine on ethylene production by 


the yeast may result from it being converted to pyruvate through the 
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Fig. 14. Inhibition of ethylene production by pyruvate. Saccharomyces 
cerevisiae (X-2180-1B) was grown in glucose medium to the 
mid-log phase. Forty ml of the culture or filtrate were used 
ethylene collection. Potassium pyruvate was added at the 


beginning ethylene collection period. 
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Fig. 15. Effect of L-alanine and L-cysteine on ethylene production 
by Saccharomyces cerevisiae (X-2180-1B). The yeast was 
grown in lactate medium to the early log-phase. Forty ml 
quantities of the culture were used for ethylene collection. 
Glucose (2%) was added at the beginning of ethylene 
collection period. L-Alanine and L-cysteine were added at 
the time indicated. 
Control 
2% glucose at zero time 
2% glucose at zero time + 1 mM L-cysteine at 120 min 
2% glucose at zero time + ImM L-cysteine at 120 min 
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action of an amino transferase. It has already been shown that pyruvate 
inhibits ethylene production in the yeast (Figure 13 and 14). This 
observation is not in agreement with the report (136) that L-alanine 
stimulates ethylene production in Penicillium. 

The fact that L-cysteine may inhibit ethylene production is 
known. Thus Lieberman et al. (86) reported that L-cysteine was a powerful 
inhibitor of methionine-stimulated ethylene production in apples. The 
inhibitory effect of L-cysteine may also be through its conversion to 
pyruvate. For example, catabolism of L-cysteine (shown below) yields 
pyruvate. 
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pyruvic acid 


Also in yeast, one of the products of the biosynthetic pathway of 
methionine from 0-acetylhomoserine and L-cysteine, is pyruvate (44). 

For each molecule of methionine synthesized, one molecule of pyruvate is 
also derived. Therefore, pyruvate may be the actual inhibitor of ethylene 


synthesis, when L-cycsteine and L-alanine are fed to the yeast. 
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This also indirectly suggests that if the yeast is grown in a methionine- 
free medium it will synthesize its own methionine with the concomitant 
production of pyruvate, and the pyruvate thus produced will have an 
inhibitory effect on the conversion of methionine to ethylene. The lack 
of ethylene production when the yeast was grown with (NH, ) HOP, as the 
sole source of nitrogen (Table 1) might have partly resulted from the 
inhibitory effect of pyruvate formed during the synthesis of methionine. 
On the other hand, in the presence of exogenously added methionine the 
synthesis of ethylene is not subject to inhibition by pyruvate produced 
during the synthesis of methionine, since under these conditions methionine 
biosynthesis is retarded through feed back inhibition (44). 

14. ‘Role of Glucose in the Stimulation of Ethylene Production 

Experiments reported in earlier sections of this thesis have 
clearly shown that the presence of glucose is needed for maximal rate of 
ethylene production from methionine (Figures 7 and 8). Also it has been 
demonstrated that highest rate of production of ethylene occurred when 
the glucose concentration was low and the yeast was not repressed 
(Figure 3). 

Mapson (108) suggested that glucose provides H,0. through the 
action of glucose oxidase and this H,0, is used by a peroxidase to form 
ethylene from methionine. Destruction of H0, by catalase has been shown 
to inhibit ethylene production from methional by cauliflower florets (13) 

Lf H50, generated by the action of glucose oxidase on D-glucose 
is responsible for the stimulation of ethylene production from methionine, 


one should be able to demonstrate this role of glucose by removing H,0, 
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by exogenously added catalase, (Lieberman and Kunishi (85) have presented ~ 
presumptive eyidence that apple tissues are penetrated by catalase. ) Pro- 
ducing H,0, by adding glucose oxidase to the medium that contains D-glucose 
on the other hand, may stimulate ethylene production instantaneously. 

These aspects were studied and the results are presented in Figure 16. 

Addition of glucose oxidase to the medium stimulated ethylene 
production as expected. But catalase also seemed to increase ethylene 
production by the yeast in presence of glucose and methionine. It may 
be recalled that Mapson and Wardale (113) also got a stimulation of 
ethylene production by catalase in cauliflower extracts up to 8 hours of 
incubation. Lieberman and Kunishi (85) provided further evidence that 
production of ethylene from methionine by cauliflower florets was stimu- 
lated by catalase. 

Since catalase increases the ethylene production in Saccharomyces, 
the stimulatory action of glucose oxidase cannot result from the generation 
of H,0,- The stimulatory effect of glucose oxidase may be a result of 
reducing the glucose concentration from 2% to an optimum level (Figure 3). 

Catalase seemed to decrease ethylene production by the yeast if 
the medium did not contain added methionine (Figure 17). The effect of 
glucose oxidase, once again, was to increase ethylene production even in 
the absence of added methionine, but this effect was short-lived and 
within 3 hours it decreased to the level of control. From this study it 
appears that ethylene production by the yeast in the absence of methionine 
(but in the presence of glucose) may be dependent on H,0,> but in presence 
of added methionine H,0, generated by glucose oxidase does not seem to be 


essential. This study, therefore, does not support the view (108) that 
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Fig. 16. Effect of catalase and glucose oxidase on ethylene production 


by Saccharomyces cerevisiae (X-2180-1B). The yeast was grown 


in lactate medium to the mid-log phase. Forty ml quantities 


of the culture were used for ethylene collection. Glucose(2%) 


was added at the beginning of the collection period. 


L-Methionine, catalase and glucose oxidase were added at the 


time indicated. 
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Fig. 
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Effect of catalase and glucose oxidase on ethylene production 
by Saccharomyces cerevisiae (X-2180-1B) in the absence of 

added methionine. The yeast was grown in lactate medium to the 
mid-log phase. Forty ml quantities of the culture were used 
for ethylene collection. Glucose (2%) was added at the 
beginning of the collection period. Catalase and glucose 


oxidase were added at the time indicated. 
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the role of glucose in ethylene biosynthesis is to provide H,0,. 

Direct addition of H05 however, had a transient stimulatory 
effect on ethylene production by S. cerevisiae (Table 6). But this 
stimulatory effect of H50, on ethylene production was less than that of 
glucose. 

Addition of glucose to the yeast growing in lactate medium 
caused an immediate drop in the intracellular concentration of free 
L-alanine (Table 7). Since exogenously supplied L-alanine has been shown 
to inhibit ethylene production (Fig. 15) the stimulatory effect of glucose 
on ethylene production by S. cerevisiae may be through lowering the 


intracellular concentration of L-alanine. 


15. Effect of B-alanine on Ethylene Production by 
Saccharomyces cerevisiae (X-2180-1B) 


B-alanine has been suggested as a precursor of ethylene in 
plants (118, 169, 177). Whether g-alanine could stimulate ethylene pro- 
duction by yeast was studied; the results are presented in Figure 18. 

The extent of stimulation of ethylene production in presence 
of B-alanine (1 mM) was very small. At the peak of the ethylene pro- 
duction the stimulation amounted to only 18%. This was in contrast to 
the methionine-stimulated ethylene production--an increase of 130-fold 
over the control (only part of the methionine stimulated ethylene pro- 
duction is shown in Fig. 18). Therefore, this study does not provide 
evidence in support of g-alanine being a precursor of ethylene in 
Saccharomyces cerevisiae. 8-Alanine, although not utilizable as a source 
of nitrogen, is a growth factor, and when added in small amounts, has 


been shown to increase the growth of Saccharomyces cerevisiae in the 
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TABLE 6. Effect of various additives on ethylene production by 
Saccharomyces cerevisiae (X-2180-1B) 


Additives 


1 mM L-methionine 
2% glucose 


] mM L-methionine + 
2% glucose 


aed 


mM L-methionine + 2% 
glucose + 10 glucose 
oxidase 


1 mM L-methionine + 2% 
glucose + 10 mg glucose 
oxidase + 10 mg catalase 


1 mM L-methionine + 17 mM 


Ho0, 


eee 


nl ethylene/hr 


0-60 60-120 120-180 
(min) (min) (min) 
Sere! 4.6 56 
3.0 4.5 BAS 
10.0 150 48.0 
Tid 21.0 68.0 
dav 18.0 63.0 
8.0 5.3 4.5 


The yeast was grown in lactate medium to the mid-log phase. 
Forty ml quantities of the culture (60 mg dry wt) were used 


for ethylene collection. 


Various additions were made at the 


beginning of the collection period. 
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TABLE 7, Effect of carbon source on the intracellular levels 
of free L-alanine in Saccharomyces cerevisiae (X-2180-1B) 


Carbon source micromoles L-alanine/g yeast (dry wt) 
DL-Lactate 80 
D-Glucose 10 
DL-Lactate + D-Glucose 18 


The yeast was grown in lactate or glucose medium to the mid-log phase 
and the L-alanine content of the cells was determined. In the 

third case the yeast was grown in lactate medium to the early 
log-phase and 2% glucose was added to the culture . After 2 

hours the alanine content in the cells was determined. 
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18. Effect of g-alanine on ethylene production by Saccharomyces 
cerevisiae (X-2180-1B). The yeast was grown in lactate 
medium to the mid-log phase. 40 ml quantities of the 
culture were used for ethylene collection. Glucose (2%) 
was added 15 minutes prior to the start of ethylene 
collection. g-alanine and L-methionine were added at 
the time indicated. 

O Control 
@® 1 m™ g-alanine 
So mh cL methionine 


Point of addition 
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presence of a source of nitrogen (174). Therefore, the slight stimulation 
of ethylene production in presence of 8-alanine might result from increased 
growth of the yeast. The rate of ethylene production by the yeast from 
L-methionine (1 mM) was not altered by 8-alanine (not included in 


Figure 18). 


16. Production of Ethylene by Adenine- and Methionine- 


Requiring Mutant Saccharomyces cerevisiae 
A mutant yeast (Saccharomyces cerevisiae G1332) was used in this 


study. This mutant lacked the capacity to synthesize adenine and methionine 
and an exogenous supply of these compounds was needed for growth. Choice of 
this mutant for the study of ethylene biosynthesis was based on the following 
reasons: 

a. Methionine has been shown to stimulate ethylene production 

in yeast. But direct proof for its conversion to ethylene in 

yeast is lacking, although this has been established in plants 

by tracer studies. The use of a met mutant yeast might pro- 

vide an answer as to the role of methionine in the stimulation 

of ethylene production in yeast. If methionine is the pre- 

cursor of ethylene in yeast, then the met mutant would not pro- 

duce any ethylene in the absence of exogenously supplied methionine. 

On the other hand, ethylene production by the mutant should be 

stimulated by an exogenous supply of methionine. 

b. It may still be argued that by depriving the mutant yeast 

of an exogenous source of methionine, its growth will be inhibited 

and the arrested growth may be the actual cause for the lack of 

ethylene production, rather than non-availability of methionine 


as precursor for ethylene rpoduction. By using a double mutant 
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this difficulty can be circumvented. The mutant does not grow 

even in the presence of added methionine if adenine is omitted 

from the medium. Therefore, if ethylene production by the 
mutant can be demonstrated in the presence of methionine, but 

in the absence of adenine (but not vice versa), it may be taken 

as added proof in support of methionine being a precursor of 

ethylene in yeast. 

The mutant S. cerevisiae (G1332) was grown at 27° for 20 hours 
in complete medium as described in Materials and Methods. The cells were 
harvested by filtering through a Millipore membrane filter (0.8 u pore 
diameter), and washed 4 times with fresh medium that did not contain methio- 
nine or adenine. The cells were suspended in the same medium, and the 
effects of adenine and methionine on ethylene production were determined. 
The results are presented in Figure 19. 

In the absence of added methionine and adenine the amount of 
ethylene produced by the’mutant was small, and the rate of production 
was constant. When L-methionine (1 mM) was added to the suspension, the 
rate of production of ethylene dropped slightly at the beginning, but then 
increased rapidly; an increase of 6.5-fold over the control. Addition 
of L-methionine and adenine showed a similar trend in the beginning, but 
subsequent stimulation of ethylene production was considerably higher in 
this case (15-fold increase over the control) than in the sample that con- 
tained L-methionine but no adenine. This result shows that the mutant 
yeast, which cannot synthesize its own methionine, does not produce any 
appreciable amount of ethylene unless the amino acid is exogenously sup- 


plied. Therefore, it may be tentatively concluded that methionine may be 


the precursor of ethylene in yeast. 
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Production of ethylene by adenine- and methionine-requiring 
Saccharomyces cerevisiae G1332. The yeast was grown in 
complete medium as described in Materials and Methods. The 
cells were washed and suspended in media containing adenine, 
methionine or adenine + methionine. In each case 40 ml 


cell suspension contained 125 mg yeast (dry wt) 
O + adenine (1mM) 
@® + L-methionine (1mM) 


A + adenine (1mM) + L-methionine (1mM) 


nl CoH, per hour per flask 


640 


560 


480 | 


400 


320 


240 


160 


80 


120 
TIME 


180 
(minutes) 


240 


300 


107 


SE a en 


poor apenas 


he ae" 


H 
y 
4 
} 
fi 
" 
1 
F 
i ' 
ft 
os | 
2) 
7 
“ y 
% 
‘ 
i . 
~ 
‘ 


a 


108 


It appeared that even in washed cells enough endogenous methionine 
and adenine were available to sustain the growth of the mutant yeast for a 
few hours. Initially each flask contained 125 mg (dry weight) of yeast. 
After 5 hours the dry weights were 188, 196 and 202 mg in flasks con- 
taining methionine, adenine and methionine + adenine, respectively. There- 
fore, the basal level of ethylene production observed in the absence of 


exogenously added methionine may result from the endogenous methionine. 


17. Production of Ethylene from fsnethionine-Us-e 


Results presented in Table 8 indicate that radioactivity from 
L-methionine-U-!4¢ was incorporated into ethylene by S. cerevisiae G1332. 
The yeast produced 13.4 nmoles of ethylene during 3 hours. The specific 
activity of the ethylene was 248 dpm/natoms of carbon. This specific 
activity accounted for 48% conversion efficiency. 

Considering the short duration of the experiment (3 hours), in 
the present study, the rate of conversion of methionine to ethylene seems 
quite efficient. In this respect it is interesting to note that with a 
collection period of 24 hours Jacobsen and Wang (68) got only 5% con- 


A one 
version efficiency when DL-methionine-U-! "Cc was fed to Penicillium. 


18. The Effect of N-formylmethionine and Methionine-Containing 
Dipeptides on Ethylene Production by Methionine-Requiring 
Saccharomyces cerevisiae 


Demorest and Stahman (46) reported that in a model system, 
N-formylmethionine and peptides with C-terminal methionine yielded more 
ethylene than methionine itself. Naider et al (123) observed that a 
methionine-requiring auxotroph of Saccharomyces cerevisiae could utilize 
methionine-containing peptides for growth, if the C-terminal residue of 


the peptide was methionine. Peptides with other amino acids in the 
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TABLE 8: Production of Radioactive Ethylene from L-Methionine- 
y-!4¢ by Saccharomyces cerevisiae G1332 


Total ethylene Total activity sp.activity sp. activity of %conversion 


/3 hr of ethylene of ethylene L-methionine 
(nmoles) (dpm) dpm/natom of dpm/natom of 
carbon carbon 
1354 6646 248 51] 48 


The mutant yeast was grown in complete medium to the mid-log 

phase. Cells were harvested by filtration, washed with methionine-free 
fresh medium and suspended in the same medium. Forty ml of the 
Suspension was sed for the experiment. Forty micromoles of 
L-methionine-U- "C(sp. activity 1.15 microCurie/micromole) 

were added. Ethylene was collected for 3 hours and the radio- 
activity determined as described in Materials and Methods. 

Forty ml of the suspension contained 60 mg yeast (dry wt). 
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C-terminal position did not support growth. The authors concluded that 
the C-terminal methionine residue might somehow be involved in the speci- 
ficity of the peptide transport system. 

The effect of N-formylmethionine and methionine containing 
peptides on ethylene production by a methionine-requiring auxotroph 
Saccharomyces cerevisiae (G1332) was studied. The yeast was grown in 
complete medium at 27° for 20 hours as described in Materials and Methods. 

The initial concentrations of dipeptides were adjusted so that 
on their hydrolysis the concentration of L-methionine would be 7 mM. 

The results are presented in Figure 20 and Table 9. 

The mutant yeast produced only very smal] amounts of ethylene 
when the medium did not contain L-methionine or a derivative of L-methio- 
nine. N-formylmethionine increased ethylene production nearly 70-fold 
over the control within one hour of its addition to the yeast suspension, 
but thereafter the rate of production of ethylene leveled off. Although 
N-formylmethionine increased the ethylene production, it did not stimulate 
the growth of the yeast (Table 9). 

L-Methionine and methionine-containing peptides stimulated both 
growth and ethylene production. But with these compounds there was a short 
lag before ethylene synthesis was stimulated. The rate of ethylene pro- 
duction in presence of L-methionine increased at a rapid rate after the 
initial lag and two hours after the addition of the amino acid the amount 
of the ethylene produced was 200 times more than that produced by the 
control. Methionylglycine also stimulated ethylene production by the 
yeast, although peptides with amino acid residues other than methionine 
in terminal position were reported to be ineffective in yielding ethylene 


in model systems (46). Naider et al. (123) suggested that peptides with 
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Fig. 20. Effect of L-methionine, N-formylmethionine, L-methionylglycine 
and L-methionylmethionine on ethylene production by Saccharomyces 
cerevisiae G1332. The yeast was grown in complete medium as 
described in Materials and Methods. The cells were washed and 
suspended in fresh growth medium that contained adenine but no 
methionine. Forty ml quantities of the suspension were used for 
ethylene collection. Various additions were made at the beginning 
of the collection period. Forty mi suspension contained 75 mg 
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TABLE 9: Effect of L-methionine, N-formyl-L-methionine and 
Methionine-Containing Peptides on Ethylene Production 
by Methionine- and Adenine-Requiring Saccharomyces 
cerevisiae G1332 
Cell Mass (dry wt) at Ethylene Production 
Treatunent 0 min 240 min n2/4 hr Increase 
(mg) (mg) (fold) 
Control LD 110 5 ] 
+ L-methionine (1 mM) 75 134 1841 368 
+ N-formyl-L-methionine We 107 378 76 
(1 mM) 
+ L-methionyl glycine 15 136 304 61 
(1 mM) 
+ L-methionylmethionine 13] 148 30 


(0.5 mM) 
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The mutant yeast was grown in complete medium at 27° as 
described in Materials and Methods. Mid-log phase cells 
were obtained by filtration. The cells were washed with 
fresh methionine-free medium, and suspended in the same 
medium. Forty ml quantities were distributed in collection 
flask. The additions were made at the beginning of the 


collection period. 
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amino acid residues other than methionine in the C-terminal position are 
not transported into the methionine-requiring auxotrophic yeast. Present 
studies indicated that L-methionylglycine not only stimulated ethylene 
production but also supported the growth of the mutant yeast (Table 9). 
Therefore, it seems that. either L-methionylglycine is transported into 

the yeast or it is hydrolyzed by an extracellular peptidase to L-methionine 
and glycine, before being transported. 

Methionylmethionine also stimulated ethylene production by the 
yeast, but this stimulation was less than that observed in the presence 
of L-methionylglycine. 

Maximum ethylene production by the yeast was observed in the 
presence of L-methionine, followed by N-formylmethionine, L-methionyl- 
glycine and methionImethionine, respectively. But in model systems 
N-formylmethionine and peptides with C-terminal methionine residues 
yielded more ethylene than methionine itself (46). In yeast, slow uptake 
of the derivatives of methionine may be the rate limiting factor rather 
than low rate of conversion of these derivatives to ethylene. 

19. Production of Ethylene from Methional 

Relatively large amounts of ethylene were formed when methional 
was added to uninoculated lactate medium (Table 10). Addition of peroxidase 
to the medium containing methional decreased the ethylene production by 
26%. This indicated that peroxidase may not be involved in the conversion 
of methional to ethylene, but peroxides are probably necessary. Production 
of ethylene from methional was increased about 14 times by the addition of 


glucose + glucose oxidase. Peroxidase seemed to enhance the ethylene pro- 


duction stimulated by glucose + glucose oxidase. 
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TABLE 10: Production of Ethylene from Methional 


—_—_-_—_—n—n— nm eee 


Sample nl ethylene/hr 
Fresh medium 2 
Fresh medium + ImM Methional 116 
Fresh medium + 1mM Methional + Img Peroxidase 88 
Fresh medium + 2% glucose + 10mg glucose oxidase 4 
Fresh medium + 2% glucose + 10mg glucose oxidase 1544 


+ 1mM methional 


Fresh medium + 2% glucose + 10mg glucose oxidase 1731 
+ ]mM methional + Img peroxidase 


Forty ml of fresh lactate medium was used in each case. 
Additions were made at the beginning of the ethylenecollection. 
The activities of the enzymes as reported by the manufacturer 
(Sigma Chemical Co.) were as follows. 


Glucose oxidase : 18.9 units/mg 
horseradish peroxidase : 72 units/mg 
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The mechanism by which glucose + glucose oxidase stimulates 
ethylene production from methional is not clearly understood. The 
stimulation may be mediated through the production of H,0, as suggested 
by Mapson (108). Since large amounts of ethylene from methional were 
produced in uninoculated medium, the suitability of this compound as a 


precursor of ethylene in yeast was not tested. 
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B, EFFECTS OF ETHYLENE ON YEAST 


ie Ethylene and Respiration of Yeast 
a. Respiratory activity of yeast grown in the 


Presence of ethylene 
Saccharomyces cerevisiae (X-2180-1B) was grown at 24-26° in 


lactate medium for 16 hours with sterile air or 100 ppm ethylene in air 
as described in Materials and Methods. The cells were harvested by centri- 
fugation, washed twice with distilled water and suspended in 0.1 M 
potassium phosphate buffer pH 5.0. The rate of 05 uptake was determined 
with 0.5% glucose as substrate by Warburg method at 25°. The results are 
presented in Figure 21. 
The yeast grown in the presence of 100 ppm ethylene (hereafter 
referred to as ethylene-grown yeast) took up 33% less oxygen during a 
period of 2 hours than the air-grown yeast (Figure 21). The low uptake 
of oxygen by the ethylene-grown yeast may result from a low rate of 
glycolysis caused by decreased availability of ATP for glucose phosphory- 
lation. The amount of ATP present in ethylene-grown yeast was found to 
be significantly lower than that. found in air-grown yeast (Table 11). 
APTase may play a role in the regulation of intracellular con- 
centration of ATP and the glycolytic flux. Racker (141) suggested that 
excess of ATPase would inhibit glycolysis because ATP required for glucose 
phosphorylation would become limiting. Phillips (138) and Olson and 
Spencer (128, 129) reported that the ATPase activity of isolated pea 
mitochondria was stimulated hy 100 ppm ethylene. Malhotra and Spencer 
(105) showed that isolated pea mitochondrial ATPase itself was stimulated 


by 100 ppm ethylene in the presence of certain concentrations of carbon 
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Fig.21. Effect of growing Saccharomyces cerevisiae (X2180-1B) in presence 
of 100 ppm ethylene in air on respiration. The yeast was grown 
in lactate medium in presence or absence of 100 ppm ethylene in 
air. Cells were washed and the respiration determined in 0.1M 


potassium phosphate buffer (pH 5) with 0.5% glucose as substrate. 


O Yeast grown in absence of applied ethylene 


@ Yeast grown in the presence of 100 ppm ethylene in air 
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TABLE 11. Intracellular Levels of ATP and ADP in Saccharomyces 
cerevisiae (X-2180-1B) Grown in Lactate Medium in the 
Presence and Absence of Added Ethylene 


nmoles per ml Culture 


| A650 
Treatment > ATP/ADP 
ATP ADP 
Air 8.2 145.7 0.056 
100 ppm ethylene in air ioe 93.5 0.056 


The yeast was grown at 27° in lactate medium. Mid-log 
phase cells were used for the estimation of ATP and 

ADP. Cells obtained from 5-10 ml culture were extracted 
with 5 N perchloric acid. The extract was neutralized 

to pH 7.4 with buffered KOH. Potassium perchlorate 

removed by centrifugation. Aliquots of supernatant 

layer were used for the determination of ATP and ADP 

by the Method described by Maitra and Estabrook (102). 

The results are average values of triplicate determinations. 
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dioxide. The low oxygen uptake by ethylene-grown yeast may result from 
decreased amounts of ATP available for glucose phosphorylation, and 
increased ATPase activity may partially be responsible for this decrease. 

b. Respiration of the yeast starved in presence of ethylene 

The endogenous respiration (respiration in the absence of any 
added substrate) of the lactate-grown yeast decreased with increasing 
starvation period (Figure 22). But the endogenous respiration of the 
yeast starved in the presence of 100 ppm ethylene in air did not decrease 
as fast as the respiration of the yeast starved in the presence of air. 
This indirectly suggests that starving the yeast in presence of 100 ppm 
ethylene in air results in an increased mobilization of endogenous sub- 
strates required for respiration. 

Exogenously applied ethylene is known to increase respiration 
of mature fruits and vegetative tissues (21, 146). The ethylene-induced © 
respiration has been shown to differ qualitatively from normal respiration. 
The former is reported to be more cyanide resistant than the latter (161). 
In the present study, the endogenous respiration of the yeast starved in 
air or in 100 ppm ethylene in air (100 ml per min), was found to be 
totally resistant to 107" M KCN. Stickland (172, 173) observed that 
the endogenous respiration of baker's yeast was more resistant to cyanide 
than the respiration in the presence of added glucose. He found that endo- 


4 M KCN, whereas in presence 


genous respiration was inhibited only 51% by 10° 
of glucose the inhibition amounted to 100%. 

The respiration in the presence of added glucose of previously 
starved yeast followed a different pattern (Figure 23). The rate of 
oxygen uptake depended on the concentration of glucose in the assay medium. 


The amount of oxygen taken up by the staryed yeast (starved for 90 min 
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flame. 


Effect of starving Saccharomyces cerevisiae (X-2180-1B) in 
the presence of 100 ppm ethylene in air on the rate of 
oxygen uptake. Mid-log phase cells obtained by growing the 
yeast in lactate medium were used. 

@ Starved in the presence of 100 ppm ethylene in air 
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Fig. 23. Effect of glucose concentration on the respiration of pre- 
viously starved Saccharomyces cerevisiae (X-2180-1B) Mid-log 
phase cells obtained by growning the yeast in lactate medium 
were starved in 0.1 M potassium phosphate buffer (pH 5.0) 
in the presence of 100 ppm ethylene in air or air for 90 min. 
Respiration was determined by the oxygraph method in presence 
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various concentrations of glucose and glucose + 10 M KCN. 


O Starved in the absence of ethylene 


Starved in the presence of ethylene 


% of inhibition by 10-7 


of ethylene 


M KCN, starved in the absence 
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4 % of inhibition by 10 "M KCN, starved in the presence of 


100 ppm ethylene in air 


£25 


_ND W ,.0L A@ 3NVIdN %O JO NOILIGIHNI % 


(2M) 


LOG. CONCENTRATION OF GLUCOSE 


© oO oe) oO oe) © 
(2) co Oo x N 


ysoek Bwyuiws lO sajow u 


cay 


fe miyad ew ij i i he ii Paling - 
i ' ‘ Bi 
| as , eke ” ‘y ig abe, : tid te! 2? 
; oe , 

| ey J : " eh 

_— Ce ee Se 


SeOaL A ers) aC >. nova MOD 201 


yO) pean i Li 
- A at ee 
cee 

ry a, : 


a 
, a ou P | 
bh i hs ines as # ‘st iin aa 
he ae Ponnih am | 
| ik. _ 
j 5 ry yal 
ee eo 


Vow FORA eee 
} Mey zn e ba sie) 


al 


ia ok vee » ‘eo “o Tete. 


Magy 


126 


with continuous bubbling of air through the cell suspension) increased 
rapidly with increasing glucose concentration up to 5 mM. Increasing the 
glucose concentration further resulted in reduced oxygen uptake. The 
decreased respiration at higher concentration of glucose may be a mani- 
festation of the Crabtree effect. 

The rate of oxygen uptake by the yeast starved in the presence 
of 100 ppm ethylene in air, on the other hand, continued to increase 
with increasing concentration of glucose in the assay medium. Lack of a 
Crabtree effect in ethylene-treated cells may indicate that either glyco- 
lysis and respiration is not under strict cellular control, or that the 
amount of glucose taken up by the ethylene-treated cells is not high 
enough to cause a Crabtree effect. There is some supporting evidence 
that glucose uptake is reduced by treating the yeast cells with ethylene. 
This aspect will be covered in a separate section. 

It was reported in the previous section that the endogenous 


4 


respiration of the starved yeast was resistant to 10 "M KCN. But on 


addition of 0.5 mM glucose to the yeast starved in the absence of ethylene, 


4 


the respiration was inhibited by 63.5% at a concentration of 10 ‘M KCN. 


The fraction of respiration that was inhibited by this concentration of 
cyanide increased with increasing concentration of glucose. At a 50 mM 


4 


concentration of glucose the respiration was completely inhibited by 10 ™M 


KCN. 

The percentage of inhibition of respiration of ethylene-treated 
cells by cyanide did not increase at the same rate with increasing glucose 
concentration in the assay medium as did air-treated samples. The inhibi- 


4 


tion of oxygen uptake by 10 “M KCN remained at 83% even though the glucose 


concentration in the assay medium was varied from 5 mM to 50 mM. This 
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lack of complete inhibition of oxygen uptake by cyanide cio") eyen at 
a glucose concentration of 50 mM, may reflect, once again, reduced glu- 


cose uptake by the ethylene treated yeast. 


2. Effects of Ethylene on Glucose Uptake and Ethanol 
Production by Saccharomyces cerevisiae (X-2180-1B) 


The carbon source in the growth medium was 5% glucose. The 
yeast was grown at 27° with air or 100 ppm ethylene in air bubbling 
through the medium at the rate of 100 ml per minute. The amounts of 
_ glucose and ethanol in the medium at various intervals were determined 
by enzymatic methods as described in Materials and Methods. The results 
are presented in Figure 24, 

There was no difference between air-treated and ethylene- 
treated samples in glucose uptake or ethanol production. There are two 
possibilities for this lack of difference between the two treatments. 
(a) 100 ppm ethylene in air has no effect on glucose uptake or ethanol 
production. (b) The control (air-treated sample) produces enough 
ethylene to cause the same physiological changes as in ethylene-treated 
samples and therefore there are no differences detectable in glucose 
uptake or ethanol production between air-treated and ethylene-treated 
samples. The second possibility seems to apply in the present case, 
since it has already been shown (Section A) that the yeast produces 


large amounts of ethylene when grown in a glucose medium. 


oh Ethanol Production from Glucose by Yeast 
Starved in the Presence of Ethylene 


Log-phase cells obtained by growing S. cerevisiae (X-2180-1B) 
were suspended in 0.1M potassium phosphate buffer (pH 5,0) and were 


were starved for 24 hours with continuous bubbling of air or 100 ppm 
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Fig. 24. Glucose uptake and ethanol production by Saccharomyces 
| cerevisiae (X-2180-1B) growing in glucose medium in presence 
and absence of applied ethylene. The growth medium initially 
contained 5% glucose. 
O Grown in the absence of applied ethylene 


@ Grown in the presence of 100 ppm ethylene in air 


(the rising curves represent ethanol) 
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ethylene in air throiigh the cell suspension at the rate of 100 ml per min. 
Glucose dissolyed in 0.1 M potassium phosphate buffer (pH 5.0) was added 
to the cell suspension at the end of 24 hours to give a final concen- 
tration of 2%, The amount of ethanol in the suspending medium at various 
intervals after the addition of glucose was determined enzymatically as 
described in Materials and Methods. The results are presented in Figure 25. 
The rate of production of ethanol was faster in ethylene-treated 
samples during the first 30 minutes than in air-treated samples. On further 
incubation the rate of production of ethanol continued to increase and 
reached a steady value by 2 hours. Starving the yeast in the absence of 
ethylene, on the other hand, resulted in a continued increase in the rate 
of production of ethanol from glucose. The amount of ethanol produced by 
ethylene-treated yeast 2 hours after the addition of glucose was 32% less 
than that produced by the yeast starved in the absence of ethylene. There- 
fore, the net effect of starving the yeast in presence of 100 ppm ethylene 
in air was to decrease the amount of ethanol produced from glucose, al- 
though the initial rate of production of ethanol by the ethylene-treated 
yeast was faster than that by the air-treated yeast. Sarkar (154) found 
that treatment of carrots with 100 and 2000 ppm ethylene in air resulted 
in decreased ethanol production, This decrease in ethanol production, 
he suggested, was a result of pyruvate being increasingly converted to 
acetate which in turn was used for respiration or synthesis of other 


products. 
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Fig. 25. Ethanol production by previously starved Saccharomyces cerevisiae 
(X-2180-1B) from glucose. Mid-log phase cells obtained by growing 
the yeast in lactate medium were starved for 24 hours in 0.1 M 
potassium phosphate buffer (pH 5.0) in the presence or absence of 
100 ppm ethylene in air. 2% glucose was added and the rate of 


ethanol production determined. 


O Starved in the absence of applied ethylene 


® Starved in the presence of 100 ppm ethylene 
in air 
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4. Effects of Metabolic C0, and Exogenously Applied 


Ethylene on Ethanol Production from Glucose by 
Saccharomyces cerevisiae (X-2180-1B) 


When yeast is grown in a glucose medium large amounts of C0, 
are produced by fermentation and respiration. The metabolic CO, of yeast 
may offset the effects of applied ethylene since carbon dioxide is known 
to retard or remove many of the physiological effects of ethylene. The 
effect of metabolic CO, on ethanol production from glucose by yeast was 
studied. The results are presented in Figure 26. 

Controls (no ethylene treatment) produced more ethanol than 
samples treated with ethylene. When metabolic C0, was absorbed by alkali, 
the total amount of ethanol produced by the yeast in the absence of 
applied ethylene was 47 ymoles/ml. The corresponding values for samples 
treated with 100 ppm and 2000 ppm ethylene in air were 34 and 26 ymoles/ 
ml, respectively. 

Metabolic CO, did not have a significant effect on ethanol 
production in ethylene-treated samples. But the ethanol production in 
controls was affected by metabolic C0.. The total amount of ethanol 
produced was 47 ymoles/ml in the absence of metabolic C0.» and 36 ymoles/ 
ml in its presence. It is known that if C0. is allowed to build up, 
ethanol production by yeast will decrease (81). The concentration of 
C0, built up in ethylene treated samples was probably not sufficient to 
decrease ethanol production. 

The effect of ethylene on fermentation of gtucose by the yeast 
is made clear by comparing the rates of production of ethanol in samples 


treated with ethylene and untreated samples. Data presented in Table 10 
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Fig. 26. Rate of ethanol production from glucose by Saccharomyces 
cerevisiae (X-2180-1B) in presence and absence of applied 
ethylene, and the effect of metabolic C09 on ethanol 
production. 

@ (C05 removed 


O C0. not removed ~ 
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indicate that the rate of production of ethanol increased considerably 
with time when the sample was not treated with ethylene. With ethylene- 
treated samples the increase in the rate of ethanol production with 
incubation time was not to the same extent and in fact it was less at 
2000 ppm CoH, than at 100 ppm. 

The difference in the increase in the rate of production of 
ethanol between controls and ethylene-treated samples is made clear by 
comparing the ratios of final rate (120-210 minutes) to initial rate 
(0-60 minutes) (Table 12). When no ethylene was added and the metabolic 
C0, was absorbed by KOH, the final rate of ethanol production increased 
to 683% of the initial rate. When C0, was not removed this increase was 
only 464% of the initial rate. With an ethylene concentration of 2000 
“ppm the final rate of ethanol production increased only to 161% of the 
initial rate in the presence of metabolic C0. and 167% in its absence. 
An intermediate concentration level of ethylene (100 ppm) had an inter- 
mediate effect; the final rates being 272% of the initial rate when 
metabolic CO, was trapped by KOH and 265% when C0. was not trapped. 

It should be noted, nowever, that the initial rates of production of 
ethanol (0-60 minutes) in ethylene-treated samples were about 50% 

higher than the corresponding values of the control. But the final 

rates in the ethylene-treated samples were much lower than the respective 
values for controls. These aspects are better illustrated in Figure 27. 

There was a stimulation of production of ethanol during the 
early stages of incubation in ethylene-treated samples as compared to 
controls (no ethylene treatment). The initial stimulation of production 


of ethanol was slightly greater at an ethylene concentration of 2000 ppm 
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Rate of ethanol production from glucose by Saccharomyces 


cerevisiae (X-2180-1B) in presence and absence of applied 


ethylene. The results expressed as % of control (no 
ethylene treatment). 
@® 2000 ppm ethylene in air 


O. 100 ppm ethylene in air 
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than at 100 ppm. Also at the higher concentration of ethylene (2000 ppm) 
the increase in the rate of production of ethanol on prolonged incubation 
was inhibited to a greater extent than with the lower concentration of 
ethylene (100 ppm). 
5. Effect of Ethylene on "00, Production by 

Yeast from Glucose-3,4-!4c 

The fact that treatment of the yeast with ethylene affects its 
capacity to produce ethanol from glucose was further investigated by 
determination of the rate of nc0, production from specifically labelled 
radioactive glucose. Fermentation of glucose to ethanol results in the 
conyersion of the third and fourth carbon atoms of glucose to carbon di- 
oxide. Therefore, the rate of production of ethanol from glucose should 
be parallel to the rate of production of C0, from third and fourth carbon 
atoms of glucose. This was studied by determining the rate of production 


of ee 


C0. from glucose-3,4-'"¢ by the yeast and comparison of results with 
those obtained for ethanol production. The radiorespirometry used in the 
determination of "00, is described in Materials and Methods. Results 
are presented in Figure 28 and Table 13. 

The initial rate (0-30 minutes) of production of Nico, from 


Me by the yeast was 90% higher in the presence of 100 ppm 


glucose-3,4- 
ethylene in air, than in its absence (Figure 28). On further incubation, 
however, the stimulatory effect of ethylene on "00, production diminished 
and eventually ethylene seemed to inhibit gah production by the yeast. 
The data presented in Table 13 indicate that the net uptake of 
glucose-3,4~!¢ by the yeast was less in the presence of ethylene than in 


its absence. With ethylene treatment nearly 25% of the added radio- 
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"eH; prodution by Saccharomyces cerevisiae (X-2180-1B) from 
glucose-3,4-!4c, in presence and absence of 100 ppm ethylene 
in air. Washed yeast cells (86 mg dry wt) were suspended in 
15 ml of 0.1 M potassium phosphate buffer (pH 5.0) in a radio- 
respirometric flask. To each flask 4.2 mmoles of glucose- 
3,4-!4¢ (specific activity 104,760 dpm/mmole) were added. 

The late, produced was determined as described in Materials 


and Methods. The results are expressed as percetage of control 


(no ethylene treatment). 
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TABLE 13: Effect of 100 ppm Ethylene in Air on Uptake and 
Metabolism of Glucose-3,4-!4¢ by Saccharomyces 
cerevisiae (X-2180-1B). 


Total dpm % 
Treatment added as oo Recovery 
Glucose-3,4- ‘C in Cells in Medium as C0. Total 
Air 404,340 14,280 50,600 $41 53057 £406.,.185), 10075 
(Control) 
100 ppm 
Ethylene in 404,340 6,480 110,800 ZiSs 5650395 4654 997.9 
% of Control - 45 219 82 - - 


Log-phase cells obtained by growing the yeast in lactate 
medium were eatin in 0.1 M potassium phosphate buffer 
(pH 5.0). The production by the yeast from glucose- 
3,4- fae determined te radiorespirometry as described by 
Wang (193). The reaction flask contained 15 ml cell SUS 
pension (86 mg dry wt) and 4.2 m moles of glucose-3,4-' °C 
(Sp. activity 104,760 dpm/m mole). Total duration of the 


experiment was 10 hours. 
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activity was left in the medium at the end of 10 hours, whereas in the 
absence of applied ethylene the corresponding value was 13%. Also the 
incorporation of radioactivity into the yeast cells was decreased by 
55% with ethylene treatment. These data clearly indicate the exo- 
genously applied ethylene affects the uptake of glucose by the yeast. 
The effect of ethylene on glucose uptake by the yeast was studied by 
direct methods described in the next section. 

6. Effect of Ethylene on Uptake of Glucose by 

Saccharomyces cerevisiae (X-2180-1B) 

Results presented in Figure 29 indicate that treating the yeast 
with ethylene resulted in a fast uptake of glucose initially. But on con- 
tinued incubation the amount of glucose taken up by the yeast in the pre- 
sence of applied ethylene did not increase as rapidly as in the absence 
of applied ethylene. The amount of glucose taken up during 60 minutes 
by the yeast in the presence of 100 ppm ethylene in air was 47% less than 
that taken up by the yeast in the absence of applied ethylene. 

Ethylene seems to have similar effects of glucose uptake 
(Figure 29) and ethanol production (Figure 26) by S. cerevisiae. Thus 
the decreased production of Serene by the ethylene-treated yeast may be 
attributable to decreased uptake of glucose. The lack of a Crabtree effect 
at higher concentrations of glucose (Figure 23) also might result from de- 
creased uptake of glucose by the ethylene-treated yeast. 

The rapid utilization of D-glucose by yeast raises the possi- 
bility that the rate of disappearance of glucose from the suspending 
medium is a reflection of the rate at which it is metabolized rather 


than the transport process per se. The latter possibility can be tested 
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Fig. 29. Effect of ethylene on uptake of glucose by Saccharomyces 
cerevisiae (X-2780-1B). Mid-log phase cells obtained by 
growing the yeast in lactate medium were suspended in 
0.1 M potassium phophate buffer pH 5.0 and glucose was added 
to the suspension to give a concentration of 0.5% . The 
suspension was aerated with air or 100 ppm ethylene in 
air at the rate of 50 ml/min. At various intervals 
glucose remaining in the medium was determined 


enzymatically. 
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by investigating the uptake of non-metabolizable analogue of glucose, 
3-0-methyl glucose. Kinetics of 3-0-methyl glucose uptake by S. cerevisiae 
(X-2180-1B) were studied, under the same experimental conditions as in 
the sutdy of glucose uptake. 

A Lineweaver-Burk plot of the data (Figure 30) indicates that 
the Km for the uptake of 3-0-methyl glucose by the yeast was not affected 
by the ethylene treatment. The Km was found to be 5 mM 3-0-methyl 
glucose, with and without ethylene treatment. But the Vmax for 3-0-methy] 
glucose transport was decreased by treatment of the yeast with ethylene. 
Unaffected Km and decreased Vmax are features of non-competitive inhibition 
(180). Therefore the decreased uptake of 3-0-methyl glucose by the yeast 
may be a result of non-competitive inhibition of the transport system by 
ethylene. That ethylene inhibits uptake of glucose by the yeast after a 
certain length of time of ethylene application (previous two sections) is 
further supported by these findings. Since 3-0-methyl glucose is not 
metabolized by the yeast, the inhibition by ethylene of 3-0-methyl glucose 
(and most likely D-glucose as well) transport is independent of its meta- 


bolic rate. 


It was reported (Figure 23) that the respiration of the yeast 
in the presence of glucose was stimulated by exogenously applied ethylene. 
Whether the decreased uptake of glucose by the yeast in presence of'ethy- 
lene is a result of increased respiration is not known. In this respect 
it is interesting to note that in yeast the affinity of the uptake system 
for glucose is lower under aerobic than it is under anerobic conditions 
(76). A similar observation has been made on sugar transport in ayian 


erythrocytes by Whitfield and Morgan (196). 
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Fig. 30. Double reciprocal plot of 3-0-methylglucose uptake by 
Saccharomyces cerevisiae(X-2180-1B) in presence and absence 
of 100 ppm ethylene in air. 
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rhe Effect of Ethylene on the Synthesis of Glycolylic Enzymes 


Ethylene is reported to preferentially stimulate Embden- 
Meyerhof-Parnas (EMP) pathway in ripening banana (175) and in carrots 
(154) by shifting the balance between the EMP pathway and pentose phos- 
phase pathway in favor of the former. Hartman (63) suggested that pentose 
cycle might operate in preclimacteric fruits (banana, apple and pear) 
and then with the onset of ripening would decrease with a shift towards 
glycolysis. Whether ethylene stimulates glucolysis through increased 
synthesis of glycolytic enzymes or through modulation of the activities 
of regulatory enzymes is not known. Therefore, an attempt was made to 
measure the amounts of some glycolytic enzymes in yeast grown in the 
presence, or in the absence, of ethylene. 

Saccharomyces cerevisiae (X-2180-1B) was grown in lactate medium 
to the mid-log phase with air or 100 ppm ethylene in air bubling through 
the growth medium at the rate of 100 ml per minute. Enzymes from the cells 
were extracted by treating them with toluene, and their activities deter- 
mined fluorometrically by coupling reactions as described in Materials 
and Methods. Since the enzymes were assayed under identical conditions, a 
difference in specific activities between yeast grown in the presence of 
air and 100 ppm ethylene in air was taken as the difference in the amount 
of enzyme present. No attempt was made to distinguish between increased 
specific activity and increased enzyme synthesis. 

Results presented in Table 14 indicate that in the extract of 
yeast grown in the presence of ethylene all enzymes tested showed greater 
activity per mg protein of extract than when the yeast was grown in the 


absence of ethylene. The hexokinase (EC 2-7-1-1) content in the yeast 
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TABLE 14: Effect of Growing Saccharomyces cerevisiae (X-2180-1B)in the 


Presence of 100 ppm Ethylene in Air on Synthesis of Certain 


Enzymes 
munits of enzyme/mg protein 
Enzyme Air(control) 100 ppm ethylene % of control 
in air 
Hexokinase 1194 1421 119 
Phosphofructokinase 94 15] 160 
Glyceraldehyde-3-P 194 301 155 
dehydrogenase 
Pyruvate kinase 7632 9946 130 
Alcohol dehdrogenase 4163 5611 134 
Glucose-6-P dehydrogenase 305 373 iZ2 
6-Phosphogluconate 264 33) 127 
dehydrogenase 


Po! 


The yeast was grown in lactate medium in the presence of 
air or 100 ppm ethylene in air. 
were extracted by toluene treatment. 
enzymes were determined as described in Materials and 

Methods. munit = nmoles substrate converted per minute. 


Enzymes from the cells 
Activities of 
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seemed to be affected by ethylene only to a small extent (19% increase). 
Phosphofructokinase (EC 2.7:1-11), on the other hand, was increased by 

60% in the yeast grown in the presence of 100 ppm ethylene. Contrary 

to the expectation, the specific activities of the pentose cycle enzymes 
[Glucose-6-phosphate dehydrogenase (EC 1-1-1+49) and gluconate-6-phosphate 
dehydrogenase (EC 1-1-1-44)] in the yeast were also stimulated by ethylene. 
Therefore, growing the yeast in the presence of ethylene seems to increase 
synthesis of glycolytic as well as pentose cycle enzymes. This suggests 
that the yeast grown in the presence of ethylene has a greater capacity 

to dissimilate glucose through EMP and pentose phosphate pathways than 

the yeast grown in its absence. But the activity of the pentose cycle has 
been shown to decrease in the presence of applied ethylene in banana and 
carrots (154, 175) and in ripening fruits which produce ethylene them- 
selves (63). The decreased flow of glucose through the pentose cycle 

in the presence of ethylene, suggest that controls of the cycle activity 
by means other than through regulation of enzyme synthesis, may exist. 

In apples, application of ethylene has been shown to stimulate decarboxy- 
lation of malate through increased synthesis of malic enzymes (147). 

The reaction catalyzed by this ee also provides NADPH, needed in 
several biosynthetic reactions. Therefore, in the presence of applied 
ethylene much of the NADPH is probably deriyed from the reaction catalyzed 
by malic enzyme and not from the pentose phosphate pathway. Also the de- 
creased activity of the pentose phosphate pathway in the presence of 
ethylene may result from the inhibitory action of NADPH produced by malic 
enzyme, since it has been shown that NADPH inhibits 6-phosphogluconate 


dehydrogenase (104), the regulatory enzyme in the pentose phospate pathway. 
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8. Effect of Ethylene and Glucose on Intracellular Levels 
of Glucose-6-Phosphate and Adenosine Triphosphate 


It was shown in the previous section that ethylene stimulated 
the synthesis of a number of glycolytic enzymes in yeasts grown in lactate 
medium. Glucose also induces synthesis of glycolytic enzymes in yeast 
(102) and the actual inducer is thought to be the product or a derivative 
oF the product of hexokinase reaction (104). The rate of glycolysis in 
yeast is dependent on the degree of induction of synthesis of glycolytic 
enzymes and the availability of ATP for glucose phosphorylation. In the 
following set of experiments, the effects of ethylene and glucose on 
intracellular levels of glucose-6-phosphate (G6P) (the probable inducer 
of glycolysis) and ATP in yeast were studied. The data presented in 
Figures 31 and 32 are average values of determinations made in triplicate. 
The results were normalized for differences in cell mass per ml of culture 
by dividing the data by the respective absorbances at 650 nm. 

The initial G6P content of the yeast grown in the presence of 
ethylene was 67% less than that found in the yeast grown in the absence 
of ethylene (Figure 31). But on addition of miGeese: the level of G6P 
in ethylene-treated yeast increased greatly during the early stages of 
incubation. The G6P content of the ethylene-treated yeast, 60 minutes 
after the addition of glucose was four times as much as found in non- 
ethylene-treated yeast. This initial increase in the G6P content in 
the ethylene-treated yeast corresponds to the initial increase in the 
glucose uptake (Figure 29) and ethanol production (Figure 25) by the 
yeast in presence of applied ethylene, 

On subsequent incubation, the amount of G6P per unit weight 


of yeast decreased, and seven hours after the addition of glucose, there 
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Fig. 31. Effect of glucose and 100 ppm ethylene in air on intracellular 
levels of glucose-6-phosphate in Saccharomyces cerevisiae 
(X-2180-1B). The yeast was grown in lactate medium to the 
mid-log phase in presence or absence of 100 ppm ethylene in 
air. Glucose (5%) was added at zero time and the G-6+P 
concentrations in yeast were determined as described in Materials 


and Methods. 
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was practically no difference between G6P contents of yeasts grown in 
presence and absence of ethylene. This is in agreement with the results 
presented in Figure 24 where it was shown that ethylene did not have any 
apparent effect on ethanol production or glucose uptake by the yeast 
growing in glucose medium. Ethylene seems to affect yeast metabolism 
only during the early stages of adaptation to glucose. 

The ATP level of the yeast before the addition of glucose was 
less with ethylene-treatment than without (Figure 32). This is in agree- 
ment with the results presented in Table 11. On addition of glucose, the 
ATP levels in ethylene-treated yeast decreased after an initial rise. In 
the absence of ethylene the trend was the same, except that there was no 
initial rise in the levels of ATP in the cells. The fast decrease of ATP 
in the cells on addition of glucose may result from it being used for the 


phosphorylation of glucose. 


9. Effect of Ethylene and Carbon Dioxide on K* Transport 
in Saccharomyces cerevisiae (X-2180-1B) 


The influx of K” is an active transport process in yeast. Com- 
mercial baker's yeast takes up K* from the medium yh; against a concen- 
tration gradient in excess of 1000:1 (174). Uptake of potassium ions is 
connected with the transport of HY from the cell, which may occur against 
a gradient of 50:1 (149). Influx of K* is associated with the assimilation 
of a metabolizable substrate (174). Ryan et al. (151) reported that addi- 
tion of acetate of propionate to yeast that was oxidizing ethanol in a 
buffer at pH 4.75, resulted in increased rate of K* uptake. They also 
observed that bubbling the suspension with CO, could increase the rate of 


influx of K* in the absence of any added acetate of propionate. They 
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Effect of glucose and 100 ppm ethylene in air on intracellular 
levels of ATP in Saccharomyces cerevisiae (X-2180-1B). The 
yeast was grown in lactate medium to the mid-log phase in 
presence or absence of 100 ppm ethylene in air. Glucose (5%) 
was added and the ATP concentrations in yeast were determined 
as described in Materials and Methods. 

O Treated with air 


® Treated with 100 ppm ethylene in air 


n moles ATP per ml culture 
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concluded from these results that the intracellular pH was the major fac- 
tor in the control of K’-H* exchange system. 

Ryan and Ryan (150) found that yeast did not take up K* when 
the substrate was propan-2-01 (isopropanol). However, when the suspension 
was bubbled with a mixture of C0, and 05 considerable amounts of K’ were 
taken up. The intracellular pH of the yeast is in equilibrium with the 
| pH of the suspending medium. A decrease in the pH of the suspending 
medium brought about by C0, is thought to be responsible for the influx 
of K". 

Yeast produces large amounts of CO, under suitable growth con- 
ditions and C0, in the atmosphere had been shown to affect yeast meta- 
bolism (81). 

In the following set of experiments the effect of ethylene on 
C0,-stimulated KT uptake by S. cerevisiae (X-2180-1B) was studied. The 
yeast treated with C0,.-free air or 0.2% (2000 ppm) ethylene in C0,.-free 
air did not take up K*, The data presented in Figure 33 are typical of 
results obtained in several experiments. 

Bubbling the cell suspension with a gas eae (100 ml per 
min) containing 25% C0, resulted in rapid uptake of K* by the yeast. 

This uptake was further stimulated by 0.15% (1500 ppm) ethylene in the 
gas mixture. The total amount of K* taken up by the yeast reached a 
steady value by 15 minutes. There was a large efflux of KT from the 
yeast on reducing concentration of C0, in the gas mixture from 25% to 10%. 
This efflux was considerably smaller when the gas mixture contained ethy- 
lene; When ethylene was not present in the atmosphere removing CO, com- 


: . + 
pletely from the gas mixture resulted in efflux of all of K that was 
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Fig. 33. Effect of carbon dioxide and ethylene on K* uptake by 
Saccharomyces cerevisiae (X-2180-1B). The yeast cells were 
suspended in 0.02 M citrate buffer (pH 4.75) containing 
0.5 mM KCl. Uptake of K” was initiated by bubbling with 
various concentrations of carbon dioxide or carbon dioxide 


plus ethylene. 
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@ Carbon dioxide + ethylene + air 
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taken up. But in the presence of ethylene only a portion of K” taken up 
was lost from the yeast by the removal of C0, from the gas mixture. 

The increased uptake and retention of K* by the yeast treated 
with a mixture of CO,» ethylene and air may reflect its metabolic state. 
According to Ryan and Ryan (150) it is the intracellular pH that deter- 
mines the rate of Maria of K’. If this is so, one can expect a greater 
change in the intracellular pH of the yeast treated with ethylene in 
presence of C0. and air, than the yeast treated with carbon dioxide and 
air alone. Measurement of the intracellular pH under the above experi- 
mental conditions was found to be difficult and therefore was not 


attempted. 
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VY GENERAL DISCUSSION AND CONCLUSIONS 

Results reported in this thesis clearly indicate that the pro - 
duction of ethylene by Saccharomyces cerevisiae was dependent on the 
composition of the growth medium. There was no net production of ethylene 
when lactate was -the major carbon source in the medium. Under these con- 
ditions the yeast seemed to absorb ethylene from the surrounding medium 
(Table 1). 

Whether ethylene is a required metabolite for the yeast could 
not be studied, since it was impossible to deyise a growth medium that 
did not itself produce trace amounts of ethylene. Nevertheless, it is 
interesting to note that ambient levels of ethylene play a role in the 
development of plants. Abeles et al. (8) reported that the synthesis of 
g-1,3-glucanase in bean leaves was influenced by ambient levels of ethy- 
lene and removal of ethylene greatly decreased the 8-1,3-glucanase content. 
Shimoda and Yanagishima (157) found that the application of exo-8-glucanase 
to S. cerevisiae caused cell expansion. Interestingly this response to 
glucanase was directly related to the ability of yeast strains to elongate 
under the influence of auxin (indoleacetic acid). These results tend to 
parallel findings made on cells of higher plants where indoleacetic acid 
has been found to induce g-glucanase (45). Since exogenous application 
of g-1,3-glucanase caused the cel] elongation of oat coleoptile as well 
as cell expansion in S. cerevisiae, it was proposed that a common mechanism 
may exist for the auxin-induced elongation of yeasts and higher plants 
(157). The common mechanism may be mediated through the action of ethylene, 
since auxin is known to stimulate ethylene production (187) and ethylene 
is reported to induce synthesis of g-glucanases (8). Thus it is interest- 


ing to speculate that ethylene absorbed from the medium may play a role 
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in the induction of 8-1,3-glucanase in yeast, 

Addition of glucose to the yeast growing in lactate medium 
induced ethylene production and this induction probably involved de novo 
synthesis of enzyme or enzymes since cycloheximide almost completely in- 
hibited glucose-induced synthesis of ethylene (Figure 1, 2 and Table ras 
Whether the stimulatory effect of glucose on ethylene production through 
generation of H.0, could not be answered unequivocally. Direct addition 
of H0, had a transient stimulatory effect on ethylene production (Table 
6) Addition of glucose + glucose oxidase resulted in a considerable 
stimulation of ethylene production (Figure 16 and Table 6). This stimula- 
tory effect did not appear to be a result of H,0, since addition of cata- 
lase did not prevent the increased ethylene production caused by glucose 
+ glucose oxidase. 

One noticeable result of addition of glucose to the yeast grow- 
ing in lactate medium was, an immediate decrease in the intracellular 
concentration of L-alanine (Table 7). Exogenously applied L-alanine 
inhibited glucose-induced ethylene production. One reason, therefore, 
for the lack of ethylene production by the yeast growing in lactate 
medium may be the high intracellular content of L-alanine. Whether L- 
alanine could inhibit ethylene production by the yeast when ethylene 
synthesis occurs at maximal rate in the presence of added glucose and 
L-methionine is worth investigating. 

The reason for the decreased ethylene production with increasing 
glucose concentration (Figure 3) is not clearly understood. It may be 
related to the rates of growth of the organism in different concentrations 
of glucose. Lynch and Harper (94) recently showed that the rate of ethy- 


lene production by Mucor hiemalis was inversely proportional to the rate 
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of growth of the organism. Whether glucose in the presence of lactate 
became a limiting nutrient was not tested. 

While ethylene production was stimulated by oxygen, signifi- 
cant amounts of ethylene were produced even in the absence of oxygen 
(Figure 4). Since oxygen stimulated production of ethylene in the 
yeast filtrate it appeared that a precursor of ethylene was synthesised 
by the yeast and excreted into the medium. The conversion of this pre- 
cursor to ethylene was stimulated by oxygen. Accumulation of an ethylene 
precursor in the absence of oxygen has been observed in fruits (15, 35). 
But unlike fruits, the yeast continued to synthesise ethylene under an- 
aerobic conditions although the amount of ethylene thus produced was 
less than that produced in aerobic conditions. 

Since respiration deficient mutants of S. cerevisiae produced 
ethylene (Table 3), the suggestion (118, 119, 120) that respiration and 
ATP generated through mitochondrial oxidative phosphorylation are closely 
linked to the biosynthetic pathway of ethylene does not seem to apply in 
the case of yeast. 

Ethylene production by S cerevisiae growing in lactate medium 
was stimulated not only by glucose but also by L-methionine (Figure 6). 
When the growth medium contained both glucose and L-methionine, the rates 
of ethylene production were considerably higher than when either compound 
was omitted from the growth medium (Figures 7, 8 and Table 5). This 
observation is in agreement with the findings of Lynch (95) who reported 
that the rate of production of ethylene by Mucor hiemalis was maximal 
only when the growth medium contained both glucose and L-methionine. 


Increasing the L-methionine concentration from 1 mM to 5 mM increased 
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the rate of ethylene production even further (Figure 10). 

That ethylene was produced by an adenine- and methionine- 
requiring auxotroph of S. cerevisiae in the presence of L-methionine 
but not in its absence (Fig. 19) indirectly suggested L-methionine might 
be a required precursor of ethylene in the yeast. Radioactive tracer 


studies (Table 8) with L-methionine-u-!4 


C confirmed this. The incorpora- 
tion of radioactivity from L-methionine-u-!c was 48% within 3 hours 

of incubation. This high rate of conversion of L-methionine to ethylene 
is in direct contrast to the low conversion observed in Penicillium 
digitatum (2). In Penicillium the immediate precursor of ethylene is 
thought to be isocitrate (71) or glutamic acid (40) and not L-methionine. 
Therefore, as in higher plants (26), a precursor of ethylene in S. 
cerevisiae seems to be L-methionine and the biosynthetic pathway in this 
organism distinctly differs from that of P. digitatum. 

The pathway of conversion of L-methionine to ethylene is not 
clearly understood. The possibility that L-methionine is first converted 
to S-adenosylmethionine which through some unknown reaction mechanism is 
converted to ethylene (26) has to be discounted because L-ethionine, a 
competitive inhibitor of Retien ate adenosy] transferase (41) also stimu- 
lated ethylene production by the yeast (Fig. 12). The stimulation of 
ethylene production by D-methionine also argues against the participation 
of S-adenosylmethionine as an intermediate in the conversion of L-methio- 
nine to ethylene. 

The stimulatory effect of D-methionine and L-ethionine on ethy- 
lene production by the yeast may result from their being converted to 


ethylene as observed in plant tissues (108). The conversion of L-methio- 
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ine. The conversion of L-methionine, D-methionine and L-ethionine to 
ethylene may occur through a common mechanism. In this respect, N-acyl 
derivatives of methionine or ethionine as possible precursors of ethylene 
in living organisms, are worth considering. The initial rate of ethylene 
production by S. cerevisiae in the presence of N-formylmethionine is 2.6 
times faster than in the presence of L-methionine itself (Figure 20). 

This observation suggests that N-formylmethionine (or N-acyl derivatives 

of methionine) may be more immediate precursors of ethylene than methionine 
itself. Further support for such a conclusion comes from the observations 
that the acidic metabolite of D-methionine in plants is N-malonylmethionine 
(73) and in model systems N-formylmethionine and N-acetylomethionine yield 
ethylene at a faster rate than methionine itself. : 

When Saccharomyces cerevisiae was grown in the presence of 
applied ethylene, the capacity of the organism to respire was diminished 
(Figure 21). This is in contrast to the observation that exogenously 
applied ethylene stimulates respiration in plant tissues and in mature 
fruits (21). The decreased respiration of the yeast grown in the pre- 
sence of ethylene might result from the reduced ATP and ADP contents of 
the cells (Table 9). : 

The endogenous respiration of the yeast that was starved for a 
short duration of time in the presence of 100 ppm ethylene in air remained 
higher than the respiration of the yeast starved jin its absence (Figure 
22). This indirectly suggested that treatment of the yeast with ethylene 
might have caused activation of adenosine triphosphatase, as in plant 
tissues (128, 129, 138) or that increased mobilization of endogenous sub- 


strates for respiration occurred with ethylene treatment. 
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Respiration of the yeast starved previously in presence of 
ethylene was a function of the glucose concentration in the medium, and 


4 MW KCN 


a significant portion of this respiration was resistant to 10° 
(Figure 23). In the absence of ethylene treatment, the yeast exhibited 
the Crabtree effect with increasing glucose concentration, and the 


4M KCN. 


respiration became completely sensitive to inhibition by 10° 
Confering sensitivity to inhibition by cyanide was a function of the 
concentration of glucose in the medium. Lack of the Crabtree effect and 
incomplete inhibition of respiration by cyanide suggested that uptake 

of glucose by the yeast was impaired by ethylene treatment. 

Direct measurement of glucose uptake by yeast showed that ethy- 
lene treatment resulted in decreased assimilation of glucose from the 
medium (Figure 29). This was further confirmed by radiorespirometric 
studies using glucose-3,4-!4C (Figure 28 and Table 13). The rapid 
utilization of D-glucose by yeast raises the possibility that the rate 
of disappearance of glucose from the suspending medium is a reflection 
of the rate at which it is metabolized rather than the transport process 
per se. Since the rate of uptake of 3-0-methyl glucose (a non-metaboli- 
zable analogue of D-glucose) is reduced by ethylene treatment (Figure 30) 
it can be concluded that the rate of uptake of glucose is affected by ethy- 
lene treatment rather than its subsequent metabolism. This conclusion is 
further supported by the finding that the activities of enzymes of the 
yeast associated with glucose metabolism are not decreased by ethylene 
treatment (Table 14), but in fact remain at higher Jevels than the control. 
This indirectly suggests that the yeast treated with ethylene has a poten- 


tial capability to metabolize glucose at a faster rate than the untreated 
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yeast. This is confirmed by the fast initial uptake of glucose (Figures 
28, 29) by the ethylene-treated yeast, The inhibition of glucose uptake 
by the yeast occurs only with prolonged treatment of the yeast with ethy- 
lene and it occurs through inhibition of the transport process as mentioned 
earlier. Treatment of pea stem sections with 10 ppm ethylene for 3 hours 
has been shown to inhibit the incorporation of glycerol-1-!"C into the 
phospholipid fraction and this has been attributed to ethylene affecting 
the permeability of the cell membrane (67). Ina similar fashion the 
inhibition of glucose uptake by the yeast may be caused by permeability 
changes of membrane brought about by ethylene. 

Prolonged exposure of the yeast to ethylene resulted in decreased 
production of ethanol from glucose (Figures 25 and 26). But the fact that 
the inhibition of ethanol production was preceded by an initial stimulation 
argues. in favour of the capacity of the ethylene-treated yeast to dissimi- 
late glucose at a fast rate compared to the control. Once again, the 
inhibitory effect of prolonged ethylene treatment on ethanol production 
from glucose may result from the decreased uptake of glucose into the cell 
rather than slowing of its subsequent conversion to cereals Therefore 
one of the primary effects of Bree on yeast metabolism may be through 
jts regulatory role on glucose uptake. 

The increased uptake and retention of Kr by the yeast treated 
with a mixture of C0., ethylene and air may reflect its metabolic state. 

It has been suggested (150) that it is the intracellular pH that deter- 
mines the rate of influx of K* in yeast. 

The view (126, 156) that aeilene avirears the metabolism of 


the yeast is supported by the results presented in this thesis and is 
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not in agreement with the assumption that ethylene does not have any 


effect on yeast physiology (2). 
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